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EXECUTIVE SUMMARY

This manual is designed to supplement the information found in AC 20~53A and pro-
vides additional guidance information.

The user's manual culminates the results of a 3-year effort of the SAE-AE4L sub-
committee. This committee is comprised of experts in the field of lightning
research and protection of aircraft structures and avionic systems from the
adverse effects associated with atmospheric electrical hazards (lightning and
static electricity). The committee is comprised of experts from the National
Aeronautics and Space Administration, Department of Defense, Federal Aviation
Administration, industry, and independent testing laboratories. The document will
provide the users of AC 20~53A, "Protection of Aircraft Fuel Systems Against Fuel
Vapor Ignition Due to Lightning," with information on fuel systems lightning
protection and methods of compliance of aircraft design for Federal Aviation
Regulations 23.954 and 25.954.

Elements of aircraft fuel systems are typically spread throughout the aircraft and
occupy much of its volume., These elements consist of the fuel tanks, transfer
plumbing, electronic controls, instrumentation, and fuel venting systems. Extreme
care must be exercised in the design, installation, and maintenance of all of these
elements to ensure that adequate protection is obtained.

The protection of the fuel systems from lightning and static electricity should be
accomplished by at least one of the following approaches:

. Eliminating sources of ignition.

. Ensuring that tank allowable pressure levels are not exceeded if ignition
does occur, and/or ensure that the atmosphere within the fuel tank will not support
combustion.

The user's manual delineates the following areas of concern:

Aircraft Fuel System Lightning Interaction which includes the combustion
process, sources of ignition and minimum ignition currents.

Approaches to Compliance includes a detailed step-by-step procedure to
ensure that the acceptable means of compliance in AC 20-~53A are met. This section
also includes a detailed description of aircraft-lightning strike zomes, lightning
enviromment, and recommended simulated test procedures.

Protection Considerations include procedures and methodologies to determine
both hot-spot and melt-through thresholds for various materials, bonding and
grounding procedures, and electrical considerations for skin joints and interfaces
in tubing.

Although this manual is as complete as possible, only experienced engineers and
scientists should undertake the task of implementation of lightning protection
of asircraft against atmospheric electrical hazards (lightning and static
electricity).
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1.0 PURPOSE.

This report is intended to provide users of Advisory Circular (AC) 20-53A with
information on the subject of fuel system lightning protection and methods of
compliance of aircraft design with Federal Aviation Regulations (FAR) 23.954 and
25.954.

2.0 BACKGROUND.

Airplanes flying in and around thunderstorms are often subjected to direct light-
ning strikes as well as to nearby lightning strikes which may produce corona and
streamer formation on the aircraft.

Elements of the fuel system are typically spread throughout much of an aircraft and
occupy much of its volume. They include the fuel tanks themselves, as well as
associated vent and transfer plumbing, and electronic controls and instrumentation.
Careful attention must be paid to all of these elements if adequate protection is
to be obtained.

For the purposes of design and of lightning protection, it is assumed that the
properties of the fuel used by civil aircraft, both piston and turbine engine
powered, are such that a combustible mixture is present in the fuel tank at all
times. Therefore, the combination of the flammable fuel/air ratio and an ignition
source at the time of a lightning strike could produce a hazardous condition for
the vehicle. To prevent this condition from occurring, a review and elimination of
the possible ignition sources within the fuel tank/fuel system should be conducted.

Assuming that flammable mixtures may exist in any part of the fuel system, some
items and areas susceptible to fuel ignition include, but are not limited to, vent
outlets, metal fittings inside fuel tanks, fuel filler caps and access doors, drain
plugs, tank skins, fuel transfer lines inside and outside of the tanks, electrical
bonding jumpers between components in a tank, mechanical fasteners inside of tanks,
and electrical and electronic fuel system components and wiring.

Protection of fuel systems from lightning should be accomplished by at least one of
the following approaches:

a. Eliminating sources of ignition.

b. Ensuring that tank allowable preassure levels are not exceeded if ignition
does occur, and/or ensuring that the atmosphere within the tank will not support
combustion.

The preferred approach most often followed is to prevent any direct or indirect
source ot ignition of the fuel by lightning. Accomplishment of this approach is
quite challenging because thousands of amperes of current are conducted through the
airframe when the aircraft is struck by lightning, and that most conducting
elements, including structures and fuel tank plumbing, in and on the aircraft are
involved to some degree in this conduction process. A spark of ~ 2 x 1074 joule
may be all the energy that need be released inside a fuel tank to initiate a fire
or explosion.




The excellent lightning safety record of civil aircraft is attributed to the high
electrical conductivity of the aluminum alloys used in aircraft fuel tank construc~
tion and to designs which suppress interior sparking at very severe lightning
current levels,

However, composite materials, such as the carbon fiber composites (CFC), when
associated with fuel systems present difficulties in providing equivalent protec~
tion because of their lower electrical conductivity, Also, new construction
techniques such as adhesive bonding may have limited conductivity for lightning
current flow. Also, indirect effects, such as lightning-induced voltages in fuel
system electrical wiring and other conducting elements may be more severe within
composite structures than within conventional aluminum airframes.

3.0 SCOPE.

Information contained in this document includes discussions of aircraft fuel system
lightning interactions, approaches that have been used to show compliance, the
impact of materials and construction, lightning test waveforms and techniques, and
methods for analysis of lightning-induced transients.

The document incorporates improvements in the state-of-the—art with respect to
lightning effects and verification methods that have taken place since the previous
version of AC 20~53 were published. It was written to provide assistance to users
of AC 20-53A. The lightning environment defined in this document is in agreement
with SAE Committee AE4L report, "Lightning Test Waveforms and Techniques for
Aerospace Vehicles and Hardware," dated June 20, 1978 (AE4L-~78-1) (Appendix A).

4.0 AIRCRAFT FUEL SYSTEM LIGHTNING INTERACTION.

Lightning can be a hazard to aircraft fuel systems if they are not properly
designed. The protection of a properly designed system may be negated if it is not
correctly constructed and maintained.

The effects of lightning on aircraft can range from severe obvious damage (such as
tearing and bending of aircraft skins resulting from high magnetic forces, shock
waves and blast effects caused by the high current, and melting of metal skins
caused by the lower level longer duration currents of some lightning strikes) to
seemingly insignificant sparking at fasteners or joints. However, if the sparking
occurs in a fuel vapor space, ignition of the fuel vapor may result, with unaccept~
able explosion damage.

All or a portion of the lightning current may be conducted through fuel tanks or
fuel system components. It is important to determine the curreant flow paths
through the aircraft for the many possible lightning attach points so that current
entry into the fuel system can be safely accounted for by appropriate protective
measures.

Metals, low electrical conductivity composite materials (e.g., carbon fiber rein~
forced composites) and electrical insulating materials (e.g., fiber glass or aramid
reinforced composites) all behave differently when subjected to lightning. Yet
each of these materials may be used in similar aircraft applications (e.g., wing
skins or fuel tanks). The metals offer a high degree of electrical shielding and
some magnetic shielding, whereas the electrical insulating materials (dielectrics)
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offer almost no electrical or magnetic shielding. As a result of the latter
properties, lightning does not have to come in direct comtact with fuel systems to
constitute a hazard., Lightning can induce arcing, sparking, or corona in fuel
areas which may result in fuel ignition. This arcing, sparking, or corona can
occur in areas widely separated from any lightning strike attachment point

due to conduction of extremely high currents (associated with lightning) through
the aircraft structure or fuel system components.

The damage to totally nonconducting materials such as the fiber glass and aramid
(e.g., Kevlar™) reinforced composites can be considerably more severe, as the
discharge can more easily penetrate into the interior and cause direct fuel vapor
ignition.

Lightning strikes can result in sparking and arcing within fuel systems unless they
are to be spark free. Flammable vapors can be ignited in metal and semicoanducting
fuel tanks by arcing and in dielectric fuel tanks by magnetic and electric field
penetration which can cause sparking, arcing, streamer, or coroma discharge.
Assuming that flammable mixtures may exist in any part of the fuel system, some
items and areas susceptible to fuel ignition include but are not limited to the
following: Vent outlets, metal fittings inside fuel tanks, fuel filler caps and
access doors, drain plugs, tank skins, fuel transfer lines inside and outside of
tanks, electrical bonding jumpers between components in a tank, mechanical
fasteners inside of tanks, and electrical and electronic fuel system components and
wiring.

4.1 COMBUSTION PROCESSES.

4.1.1 Fuel Flammability.

The flammability of the vapor space in a fuel tank varies according to the concen-
tration of evaporated fuel in the available air. Reducing the fuel-to-air ratio
may produce a vapor/air mixture too lean to burn. Conversely, a vapor space
mixture may exist that could be too rich to be flammable. 1In between these
extremes, there is a range of mixtures that will burn when provided an ignition
source, A typical equilibrium flammability envelope is shown in figure 1.

TOOC RCH
TO BURN

RICH LT

FIGURE 1. TYPICAL FLAMMABILITY ENVELOPE OF AN AIRCRAFT FUEL




However, there are a wide variety of factors that effect the resultant fuel/air
ratio in the vapor space of a fuel tank. The variety of temperatures, pressures
and motions that exist in £light can result in a wide variation of mixtures in the
vapor space.

Another example is the variation in initial oxygen content in the fuel, again
providing an additional factor in the resultant tank fuel/air ratio. Aeration of a
fuel or spray from a pump or pressurized fuel line can also result in extending the
lower temperature flammability below the lean limit.

Considering the possible variables, the properties of the fuel used by civil
aircraft, both piston and turbine engine powered, are such that a combustible
mixture is generally assumed to be present in the fuel tank at any time.

Therefore, the combination of the flammable fuel/air ratio and an ignition source
at the time of a lightning strike, could produce a hazardous condition for the
vehicle. To prevent this condition from occuring, a review and elimination of the
possible ignition sources within the fuel tank/fuel system should be conducted.

4.1.2 Sources of Ignition.

Laboratory studies involving simulated lightning strikes to fuel tanks or portions
of an airframe containing fuel tanks have demonstrated several possible ignition
mechanisms. Examples of ignition sources are as follows:

1. Direct contact of the lightning arc with the fuel-air mixture, as at a
vent outlet.

2. Hot spot formation or complete melt-through of a metallic tank skin by
lightning arc attachment,.

3. Heated filaments and point contacts resulting from lightning current
passage through structures or components,

4, Electrical sparking between two pieces of metal conducting lightning
current, such as poorly bonded sections of a fuel line or vent tube.

5. Sparking from an access door or filler cap (which has been struck) to its
adapter assembly.

6. Sparking among elements of a capacitive-type fuel quantity probe, caused
by lightning-induced voltages in the electrical wires leading to such a probe.

7. Sparking between two conducting elements at different potentials as might
exist between an aluminum vent line and adjacent carbon fiber composite structure.

8. Corona and streamering from fuel tank components within nonmetallic tanks.

4.1.2.1 Minimum Ignition Current,

In the process of fuel vapor ignition by electric sparks, a very concentrated
source of energy is released in the unburned fuel vapor over a very short period of
time. The vapor in the immediate vicinity of the discharge is raised well above
the ignition temperature and an extremely steep temperature gradient is formed. As
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the flame zone grows, the temperature gradient becomes flatter as the excess heat
deposited by the spark is added to the heat of combustion being conducted out
through the surface of the combustion wave. If sufficient heat and energy have
been deposited by the spark, the minimum combustion flame size will have been
reached and ignition will occur.

The concept of a minimum ignition energy is of importance in lightning protection
as it suggests that the critical factor is in the total heat input into the spark.
Sparking in fuel tanks is often determined experimentally in terms of the current
and time magnitudes, An example of a curve of minimum ignition peak current as a
function of time is shown in figure 2.
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Note: This data is provided as an example only and
should not be relied upon for proof of design.

FIGURE 2. PLOT OF MINIMUM CURRENT VS TIME DURATION OF EXPONENTIALLY DECAYING
PULSE FROM CAPACITOR SOURCE FOR IGNITION OF STOICHIOMETRIC MIXTURE
OF AVIATION GASOLINE UNDER LABORATORY CONDITIONS

4.1.2.2 Ignition From Hot Spots.

Ignition can also occur as a result of contact of fuel vapor with hot spots formed
by lightning strikes contacting metal or composite fuel tank surfaces, even if the
surface is not punctured or melted completely through. 1In this case, if the inside
surface of the tank skin becomes sufficiently hot and remains so for a sufficient
period of time (and is in contact with a flammable vapor), "hot spot ignition" may
occur. The time required to ignite a flammable fuel-air vapor in contact with a
titanium metal surface at various temperatures is shown in figure 3. The data
shown is for example only. Specific materials should be evaluated by test.
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(2) Component B - Intermediate Curreat - Component B has an average
amplitude of 2kA (+10 percent) flowing for a maximum duration of 5ms. This
component should be unidirectional; e.g., rectangular, exponential or linearly
decaying. For analysis, a double exponential current waveform should be used.
This waveform is described mathematically by the double exponential expression
shown below:

1(e) = 1 (457 BE

where:

11,300 (A)

t o

= 700 (s}
8 = 2000 (s !)

t = time (s)

If the dwell time is more than 5ms, apply an average curreant of 400A for the
remaining dwell time. The dwell time shall have been determined previously through
a swept-stroke attachment test or by analysis, 1f such determination has not been
made, the dwell time shall be taken to be 50ms. .

(3) Component C - Continuing Current - Component C transfers a charge of
200 coulombs (+20 percent in a time of between 0.25 and 1 second). This implies
current amplitudes of between 200 and 800 amperes. The waveform shall be unidirec-
tional; e.g., rectanglular, exponential, or linearly decaying. For analysis
purposes, a square waveform of 200A for a period of 1 second should be utilized.

(4) Component D - Restrike Current - Component D has a peak amplitude of
100kA (+10 percent) and an action integral of 0. 25x10%a25 (+20 percent) This
component may be either unidirectional or oscillatory with a total time duration
not exceeding 500 us, For analysis purpose a double exponential waveform should
be used. This waveform represents a restrike of 100,000 amperes peak at a peak
rate-of-rise of 0.5x11A/s. The waveform is defined mathematically by the double
exponential expression shown in the following equation.
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TABLE 1. APPLICATION OF WAVEFORMS FOR LIGHTNING TESTS

Waveforms
Test Zone Voltage Current Cowmponents
A B D A B C D E
* Full Size .

Hardware 1A,1B X x;
Attachment Point
Direct Effects

1A X X
Structural 18 x X X X

2A x2 x2 x

28 X X X

3 X X
Direct Effects
Combustible 11; § X 1, x
Vapor Ignition 24 §2 - X

238 X X X

3 X X
Direct Effects
Corona and X
Streamers
Indirect Bffects T3
Related to Spark X
Generation Within .«
Fuel Vapor Areas

NOTE 1: Voltage waveform "D" may be applied to identify lower probability strike
points.

NOTE 2: Use an average current of 2kA + 10 percent for a period equal to the
dwell time up to a maximum of Sms. If the dwell time is more than Swms,
apply an average current of 400A for the remaining dwell time. The
dwvell time shall have been determined previously through a swept stroke
attachment test or by amalysis. If such determination has not been
made, the dwell time shall be taken to be 5Oms.

NOTE 3: 1Indirect effects should also be measured with current components A,B,
C, or D as appropriate.
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b. Surfaces directly aft of zone 1A should be considered as within zone 2A.
Generally, zone 2A will extend the full length of the surface aft of zome 1A, such
as the fuselage, nacelles, and portions of the wing surfaces. '

¢. Trailing edges of surfaces aft of zone 2A should be considered zone 2B, or
gone 1B if initial attachment to them can occur. If the trailing edge of a surface
is totally nonconductive, then zone 2B (or 1B) should be projected forward to the
nearest conductive surface,

d. Surfaces approximately 18 in. (0.5 m) to either side of initial or swept
attachment points established by steps (a) and (b) should also be considered as
within the same zone, to account for small lateral movements of the sweeping
channel and local scatter among attachment points., For example, the tip of a wing
would normally be within zone 1A (except for its trailing edge, which would usually
be in zonme 1B). To account for lateral motion of the channel and scatter, the top
and bottom surfaces of the wing, 18 in. (0.5 m) inboard of the tip, should also be
considered as within the same zones.

e. Surfaces of the vehicle for which there is a low possibility of diredt
contact with the lightning arc channel that are not within any of the above zones,
but which lie between them, should be considered as within 2zone 3. Zone 3 areas
may carry substantial amounts of electrical energy.

5.2 ESTABLISHMENT OF THE LIGHTNING ENVIRONMENT.

For verification purposes, the natural lightning environment (which comprises a
wide statistical range of current levels, duration, and number of strokes) is
represented by current test components A through E, and voltage test components A,
B, and D. When testing or analysis is required, the waveforms defined below should
be used., Applications of waveforms and lightning zones are detailed in table 1.

8. Current Waveforms - Test

There are four current components (A, B, C, and D) that are applied to
determine direct effects. Current waveform E is used to determine indirect
effects. Components A, B, C, and D each simulate a different characteristic of the
current in a natural lightning flash and are shown in figure 9. They are applied
individually or as a composite of two or more components together in one test. The
tests in which these waveforms are applied are presented in table 1.

(1) Component A - Initial High Peak Curvrent - Component A has a peak
amplitude of 200kA (+10 percent) and an action integral (_fi2 dt) of 2x100a2s (+20
percent) with a total time duration not exceeding 500us. This component may be
unidirectional or oscillatory. For analysis purposes, a double exponential current
waveform should be used. This waveform, represents a return stroke of 200,000
amperes peak at a peak rate of rise of lxlollA/s. This waveform is defined
mathematically by the double exponential expression shown in the following 'i
equation.
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(See Sections 5.1.2 and 5.1.3)
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LIGHTNING STRIKE ZONES
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FIGURE 7. LIGHTNING STRIKE ZONES (TYPICAL)
(See Sections 5.1,2 and 5.1.3)
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5.1.2 Ligptniq;f§trike Zone Definitions.

To account for each of the possibilities described in the foregoing paragraphs, the
following zones have been defined.

Zone 1
Zone lA: Initial attachment point with low possibility of lightning arc
channel hang—-on.

Zone 1B: Initial attachment point with high possibility of lightning
arc channel hang-on.

Zone 2
Zone 2A: A swept stroke zone with low possibility of lightning arc
channel hang-on.

Zone 2B: A swept stroke zone with high possibility of lightning arc
channel hang-on.

Zone 3
Zone 3: All of the vehicle areas other than those covered by zone 1 and
2 regions., In zone 3, there is a low possibility of any attachment of the direct
lightning channel., Zone 3 areas may carry substantial amounts of electric current,
but only by direct conduction between some pair of direct or swept stroke attach-
ment points.

The zone definitions are in basic agreement with the definitions of earlier ver-
sions of advisory circular 20-53, except that the former zones 1 and 2 have been
subdivided to account for low and high possibilities of the lightning arc channel
hang-on (figures 7 and 8). The locations of these zones on any aircraft are
dependent on the aircraft's geometry and operational factors, and often vary from
one aircraft to another.

5.1.3 Location of Lightning Strike Zones.

With these definitions in mind, the locations of each zone on a particular aircraft
may be determined as follows:

a. Extremities such as the nose, wing and empennage tips, tail cone, wing
mounted nacelles and other significant projections should be considered as within a

direct strike zone because they are probable initial leader attachment points.
Those that are forward extremities or leading edges should be considered in zone
1A, and extremities that are trailing edges should be in zone 1B. Most of the
time, the first return stroke will arrive shortly after the leader has attached to
the aircraft, so zone 1A is limited to the immediate vicinity (18 inches or
approximately 0.5 m) aft of the forward extremity. However, in rare cases the
return stroke may arrive somewhat later, thereby exposing surfaces further aft to
this enviromment. This possibility should be considered if the probability of a
flight safety hazard due to a zone lA strike to an unprotected surface is high.
Where questions arise regarding the identification of initial attachment locations
or where the airframe geometry is unlike conventional designs for which previous
experience is available, scale model attachment point tests may be in order.
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attachment point, the movement of the aircraft through the lightning channel causes
the channel to sweep back over the surface, as illustrated in figure 6, producing
subsequent attachment points. This is known as the swept stroke phenomenon. As
the sweeping action occurs, the characteristics of the surface can cause the
lightning channel to reattach and dwell at various surface locations for different
periods of time, resulting in a series of discrete attachment points along the

sweeping path.

LIGHTNING
CHANNEL
SWEEPS OFF
AIRCRAFT

T: - Initial Attachments
T2 - Ts - Subsequent Attachments

STATIONARY
LIGHTNING
CHANNEL

INITIAL
ATTACHMENT
POINT

AT NOSE

rmzZ2»I0 QZ-Z-HIO-r O0Z-CZ--200

TIME BASE

FIGURE 6. SWEPT-STROKE PHENOMENON (LIGHTNING CHANNEL POSITION SHOWN
RELATIVE TO AIRCRAFT)

The amount of damage produced at any point on the aircraft by a swept-stroke
depends upon the type of material, the dwell time at that point, and the lightning
currents which flow during the attachment. High peak current restrikes with
intermediate current components and continuing currents may be experienced.
Restrikes typically produce reattachment of the arc at a new point.

When the lightning channel has been swept back to one of the trailing edges, it may
remain attached at the point for the remaining duration of the lightning event. An
initial attachment point at a trailing edge, of course, would not be subjected to
any swept stroke action, and therefore, this attachment point will be subjected to
all components of the lightning event.

The significance of the swept stroke phenomena is that portions of the vehicle that
would not be targets for the initial attachment points of a lightning flash may
also be involved in the lightning strike process as the lightning channel is swept
backwards, although the channel may not remain attached at any single point for
very long. On the other hand, strikes that reach trailing edges must be expected
to remain attached there (hang~on) for the balance of their natural duration.
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5.1.1.1.2 High Peak Current Phase.

The high peak curreat associated with lightning occurs after the step leader
reaches the ground and forms what is called the initial return stroke of the
lightning flash. This return stroke occurs when the charge in the leader channel
is suddenly able to flow into the low impedance ground and neutralize the charge
attracted into the region prior to the step leader's comntact with the ground

Typically, the high peak current phase is called the return stroke and is in the
range of 10 to 30kA (amperes x 103), Higher currents are possible though less
probable. A peak current of 200kA represents a very severe stroke, one that is
exceeded only about 0.5 percent of the time for flashes to earth. While 200kA may
be considered a practical maximum value of lightning current, in rare cases, higher
peak currents can occur. The current in the return stroke has a fast rate of
change, typically about 10 to 20kA per us and exceeding, in rare cases, 100kA per
microsecond. Typically the current decays to half its peak amplitude in 20
to 40 us. No correlation has been shown to exist between peak current and
rate of rise.

5.1.1.1.3 Continuing Current.

The total electrical charge transported by the lightning return stroke is rela-
tively small (a few coulombs). The majority of the charge is transported immedi-
ately after the first return stroke. This is an intermediate phase where a few
thousand amperes flow for only a few milliseconds, followed by a continuing current
phase (200 to 400 amperes) which varies from 100 milliseconds to a second. The
maximum charges transfered in the intermediate and continued phases are 10 and 200
coulombs, respectively.

5.1.1.1.4 Restrike Phase.

In a typical lightning flash there will be several high current strokes following
the first return stroke., These occur at intervals of several tens of milliseconds
as different charge pockets in the cloud are tapped and their charge fed into the
lightning channel. Typically, the peak amplitude of the restrikes is about ome
half that of the initial high current peak, but the rate of current rise is often
greater than that of the first return stroke. The continuing current often link
these various successive return strokes, or restrikes.

5.1.1.1.5 1Initial Attachment.

The lightning flash is a high current discharge between charge centers in clouds,
or between cloud and ground. Initially, the lightning flash produces at least two
attachment points on the aircraft, between which the lightning channel current will
flow. Typically, these initial attachmeat points are at the extremities of the
aircraft. These include the nose, wing tips, elevator and stabilizer tips, pro-
truding antennas, and engine nacelles or propeller blades.

5.1.1.1.6 Swept Stroke Phenomenon.

The lightning channel is somewhat stationmary in air while it is transferring elec-
trical charge. When an aircraft is involved, the aircraft becomes part of the
channel. However, due to the speed of the aircraft and the period of time that the
lightning channel exists, the aircraft can move relative to the lightning channel.
When a forward extremity, such as a nose or wing mounted engine pod is an initial
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Figure 4 - Lightning Flash Striking an Aircraft.
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e. Submit a final test report describing all results and obtain FAA approval
thereof.

The following paragraphs provide information on each of the above steps.

5.1 DETERMINATION OF LIGHTNING STRIKE ZONES AND THE LIGHTNING ENVIRONMENT.

It is well known that lightning strikes do not reach all surfaces of an aircraft,
and that the intensity and duration of currents entering those surfaces that may be
struck vary according to location. To account for these variations, lightning
strike zones have been defined. Once the locations of these zones have been
established for a particular aircraft, the lightning environment and need for
protection can be determined. The mechanism of lightning strike attachment zone
definitions, and some guidelines for location of lightning strike zones on a
particular aircraft are given in the following paragraphs.

5.1.1 Aircraft Lightning;Strike Phenomena.

5.1.1.1 Natural L{ghtnigg Strike Electrical Characteristics.

Lightning flashes are of two fundamentally different forms, cloud-to-ground flashes
and inter/intracloud flashes. Because of the difficulty of intercepting and
measuring inter/intracloud flashes, the great bulk of the statistical data on the
characteristics of lightaing refer to cloud-to~ground flashes. Aerospace vehicles
intercept both inter/intracloud and cloud-to-ground lightning flashes. There is
evidence that the inter/intracloud flashes, figure 4, lack the high peak currents
of cloud-to-ground flashes. Therefore, the use of cloud-to-ground lightning strike
characteristics as design criteria for lightning protection seems conservative.

There can be discharges from either a positive or a negative charge center in the
cloud. A negative discharge is characterized by a return stroke, possibly one or
more restrikes, and continuing currents as shown in figure S(A). A positive
discharge which occurs a smaller percentage of the time is shown in figure 5(B).
It is characterized by lower peak current, higher average current, and longer
duration in & single stroke and must be recognized because of its greater energy
content. This possibility is accounted for in the action integral associated with
current component A, and the charge associated with component B. The following
discussion describes the more frequent negative flashes,

5.1.1.1.1 Prestrike Phase.

The lightning flash is typically originated by a step leader which develops from
the cloud toward the ground or toward another charge center. As a lightning
step leader approaches an extremity of the vehicle, high electrical fields are
produced at the surface of the vehicle. These electric fields give rise to other
electrical streamers which propagate away from the vehicle until ome of thenm
contacts the approaching lightning step leader as shown in figure 4. Propagation
of the step leader will continue from other vehicle extremities until one of the
branches of the step leader reaches the ground or another charge center. The
average velocity of propagation of the step leader is about one meter per micro-
second (us) and the average charge in the whole step leader channel is about 5
coulombs,
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5.0 APPROACHES TO COMPLIANCE.

In general, the steps below outline an effective method to show compliance,.

1. Determine the Lightning Strike Zones - Determine the aircraft surfaces, or
zones, where lightning strike attachment is likely to occur, and the portions of
the airframe through which currents may flow between these attachment points. The
strike zone locations are defined in paragraph 5.1.2. Guidance for location of
the strike zones on a particular aircraft is provided in paragraph 5.1.3.

2. Estsblish the Lightning Environment -~ Establish the component(s) of the
total lightning flash to be expected in each lightning strike zone. They are the
voltages and curreats that should be considered, and are defined in paragraph 5.2.

3. Identify Possible Ignition Sources - Identify systems and/or components
that might be ignition sources to fuel vapor. Ignition hazards may include struc-
tures as well as fuel system mechanical and electrical/electronic components.
Refer to paragraph 4.1.2.

Note: In order to provide concurrence on the certification compliance, the above
three sequential steps should be accomplished, reviewed with the appropriate FAA
personnel, and agreement reached prior to test initiation to prevent certification
delays.

4. Establish Protection Criteria - Establish lightning protection pass-fail
criteria for those items to be evaluated.

5. Verify Protection Adequacy - Verify the adequacy of the protection design
by similarity with previously proven installation designs, simulated lightning
tests or acceptable analysis. Developmental test data may be used for certifica-
tion when properly documented and coordinated with the certification agency.

Note: Except for standard design/installation items which have a history of
acceptability, any new material, design, or unique installation should follow the
additional guidelines provided herein to insure certification compliance can be
accomplished.

As appropriate:

a. Generate a certification plan which describes the analytical procedures
and/or the qualification procedures to be utilized to demonstrate protection
effectiveness. This plan should describe the production or test article(s) to be
utilized, test drawing(s) as required, the method of installation that simulates
the production installation, the 1lightning zone(s) applicable, the lightning
simulation method(s), test voltage or current waveforms to be used, spark detection
methods, and sppropriate schedules and location(s) of proposed test(s).

b. Obtain FAA concurreace that the certification plan is adequate.

c. Obtain FAA detail part conformity of the test articles and installation
conformity of applicable portions of the test setup.

d. Schedule FAA witnessing of the test.
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(5) Current Waveform E - Fast Rate-of-Rise Stroke Test for Full-Size
Hardware - Current waveform E has a rate-of-rise of at least 25kA/us for at least
0.5us, as shown in figure 9. Current waveform E has a minimum amplitude of 50KkA.
Alternatively, components A or D may be applied with a 25kA/us rate-of-rise for at
least 0.5us and the direct and indirect effects evaluation conducted simultaneously.

. Indirect effects measured as a result of this waveform must be extrapo-
lated as follows. Induced voltages dependent upon resistive or diffusion flux
should be extrapolated linearly to a peak current of 200 kA.

Induced voltages dependent upon aperture coupling should be extrapolated
linearly to a peak rate-of-rise of 100 kA/us.

b. Voltage Waveforms - Test - There are three voltage waveforms, "A," "B,"
and "D," which represent the electric fields associated with a lightning strike.
Voltage waveforms "A" and "D" are used to test for possible dielectric puncture and
other potential attachment points. Voltage waveform "B" is used to test for
streamers, The test in which these waveforms are applied are presented in table 1.

(1) Voltage Waveform A ~ Basic Lightning Waveform - Waveform A has an
average rate—-of-rise of 1x10% volts per microgsecond (+50 percent) until its
increase is interrupted by puncture of, or flashover across, the object under test.
At that time, the voltage collapses to zero. The rate of voltage collapse or the
decay time of the voltage, if breakdown does not occur (open circuit voltage of the
lightning voltage generator), is not specified. Voltage waveform A is shown in
figure 10.

(2) Voltage Waveform B - Full Wave - Waveform B rises to crest in 1.2
(:20 percent) microseconds. Time-to-crest and decay time refer to the open circuit
voltage of the lightning voltage generator, and assume that the waveform is not
limited by puncture or flashover of the object under test. This waveform is shown
in figure 10.

(3) Voltage Waveform D -~ Slow Front - The slow fronted waveform has a
rise time between 20 and 250 us to allow time for streamers from the test object to
develop, It should give a higher strike rate in tests to the low probability
regions that might have been excepted in flight. This waveform is shown in
figure 11,
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bt ¢. Current Waveforms - Analysis - For analysis of direct effects, the
: waveforms defined in paragraph 8a above will be used. For analysis of indirect
3] effects, the waveform to be used represents a return stroke of 200,000 amperes peak
A at a rate of rise of 1x1011a/s., The waveform is defined mathematically by the

double exponential expression shown below.

~
N
% - -dt =Rt

y where:
s I = 223,000 4
N B = 460,000

Y

W t = time (s)
.'_: 5.3 IDENTIFICATION OF POSSIBLE IGNITION SOURCES.

:5 In this step, the fuel system structures, components, and subsystems that may
- possibly constitute a source of ignition or other hazard to flight safety during a
lightning strike should be identified. Examples include:

- Access doors

: Filler caps

4 Dip sticks

i Sump drains

Fuel probe mounting doors

.-, Skin joints and structural interfaces

" Fuel tank plumbing hardware (i.e., couplings and fittings)

> Vent outlets

i‘ Jettison outlets

- Temperature compensators

Electrical apparatus (i.e., quantity probes, pumps, electrical

~. feed-through connectors, low level indicators).

. Bond lines between composite structural components which are

" structurally bonded together.

>
%j In-addition to the sources noted, voltages and currents induced by lightning in
=] fuel system electrical wiring or plumbing may create electrical sparks or arcs at
- components within the fuel tanks.

::- 5.4 VERIFICATION METHODS.

/,

e Verification methods may encompass the range from (1) comparison with previous
' design; (2) analysis; (3) developmental tests under controlled conditions; (&)
~ "qualification testing."
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5.4.1 Comparison With Previous Design.

In some cases, lightning protection can be inferred if the design is the same or
very similar to a design which has been shown to be "safe" with respect to light-
ning. However, sometimes what may appear to be small changes in design may result
in a design going from "safe" to "unsafe." It is therefore desirable to conduct
tests on the modified design to verify its integrity.

5.4.2 Analysis.

The aircraft designer generally uses analysis to predict the operation of a new
aircraft, and analysis could possibly be used to determine if a new fuel system is
free of ignition hazards related to lightning. However, due to the complexity of
today's aircraft and the transient nature of lightning, it is extremely difficult
to predict the exact lightning current flow paths and the behavior of the fuel
system. For this reason, it is generally better to use comparison to a similar
design or to actually conduct "qualification testing."

5.4.3 Comparison with Development Tests.

Wherever appropriate and practicable, government and industry personnel should
specify or use the lightning test techniques, waveform characteristics, and pro-
cedures of appendix A during all phases of the lightning protection development.
Test results and test article configuration should be well documented. By so
doing, it is frequently possible to assemble test data from the development phase
which is of adequate validity and applicability to be used for qualification., For
some large complex systems, it may not be possible or economically feasible to
conduct lightning qualification tests on a production configuration. For these
cases, the final qualification verification must be synthesized from the verifi-
cation of the subsystems or equipment. For more complex programs, utilizing
the above approach, will result in substantial program savings in cost, schedule,
and time. (These savings can be significant even in low complexity programs).

New designs should generally be tested at qualification levels to verify that
they are satifactory. Sometimes during a development program several different
designs are tested to determine the best design for a particular application. If
during these preliminary tests certain shortcomings become evident, it may be
possible to show by comparison to development tests and analysis of a modified
design that modified production configuratioas do not suffer the same shortcomings
revealed during the development tests.

5.4.4 Qualification/Certification Testing.

Qualification/certification testing means that the system and/or its parts are
representative of production items and are tested at full threat level.

The threat level is determined by the location of the fuel system on the aircraft
(see paragraph 5.1.3). Verification that a fuel system is safe from the deleter-
ious effects of lightning requires that a system and/or its components be: (1)
Subjected to the appropriate simulated lightning strike(s); and (2) instrumented
and tested in a manner so that an unsafe condition can be identified.
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5.4.4.1 Lightning Environment and Test Setup.

o a
X

L-

E{ The lightning test voltage or current levels and waveshapes are dictated by
the strike zones in which the fuel system/components are located on the aircraft

ey (refer to table 1). The test components should be production hardware (or equiva-

o lent) and set up and connected to the lightning generator(s) so that the current

:L transfer into and out of the test sample is similar to that which would be experi-

tj enced by these components if they were installed in the aircraft.

I1f testing is used, characteristics of the in-flight environment such as altitude,
temperature, pressure, aircraft motion and aerodynamic forces should be evaluated
and accounted for, if appropriate.

A

5.4.4.2 Tests Utiliziqg_?uel-Air Mixtures.

One technique used to verify the '"safe" fuel system is to use ignitable mixtures of
fuel-air in the test object during the time when it is struck by the simulated
lightning discharge. Optimum fuel-air mixtures; i.e., those that require a wminimum
energy for ignition, are used, and tests are required to demonstrate that the
proper ignitable mixture was present in the fuel system at the time when the
lightning tests were conducted.

5.4.4.3 Tests Utilizing Photographic and Temperature Sensing Apparatus.

Another technique used to verify the "safe" fuel system relies on photographic,
infrared, and/or temperature measurement to infer ignition of a flammable mixture
without using fuel for the test. If the suspected problem is hot spot ignitionm,
then a camera equipped with infrared film, an image converter, temperature sensi-
tive paints, or thermocouples may be used. If the suspected problem is the result
of arcing or sparking, then photographic or image converter techniques should be
used, Mirrors and auxiliary lenses and other optical systems should be used with
care. The particular photographic system selected should be capable of detecting a
0.2 millijoule spark produced by a capacitor discharge. Additional information on
use of photographic methods for detection of sparks may be found in appendix A,
paragraph 4.1.3,

5.4.4.4 Pass-Fail Criteria.

Any indication of sparking or hot spots, or actual fuel ignition constitutes a
failure., If fuel-air mixtures are used for testing, then ignition of the fuel
could constitute failure. However, if flame suppressants such as reticulated foam
are used, and if the flame was suppressed without damage to the system, then the
system would have passed and could be classified as "safe."

If photographic and similar techniques are used to detect hot spots and sparks,
etc., then any hot spot above the ignition temperature or arcing and sparking would .
be considered unacceptable, 1

6,0 PROTECTION CONSIDERATIONS.

The following paragraphs present basic guidelines and areas of coancern with
respect to lightning protection. It is recognized that protection design is a
constantly changing technology and that many other approaches may be possible.
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With the establishment of methods to predict the lightning current amplitude and
charge, as well as dwell time, sufficient information is available to utilize the
charts of figures 12 or 13 to determine the skin thicknesses which will or will not
be melted through.

NOTE: It is not a recommended practice to extend the fuel system into a
zone lA or 1B area., If it is deemed necessary to utilize the
zone 1 area for the fuel system, special design considerations
must be incorporated to assure satisfactory lightning protection.
This protection criteria must address potential areas of concern
such as binding radius, etc.

te

6.1 DETERMINATION OF ALUMIMUM SKIN THICKNESS REQUIREMENTS.

For example, let us assume that a bare solid aluminum skin is planned for an
integral tank in zone 2A, and that it is desired to determine how thick this skin
should be to prevent melt-through. Further, let us say that this aircraft will fly
at velocities as low as 58 m/s (130 mph). From table 2, the expected dwell time
for this unpainted skin would be 2 ms. From figure 14, an average of 2kA would
flow into the dwell point during this period, delivering 4 C of charge. According
I to figure 12, these parameters intersect at a point about half-way between the
coulomb ignition threshold curves for 0.05lcm (0.020 in.) and 0.102cm (0.040 in.)
aluminum skins, indicating that 0.102cm is the thinnest skin that should be
considered.

TABLE 2. LIGHTNING DWELL TIMES ON TYPICAL AIRCRAFT SURFACES IN ZONE 2A

< Aircraft Velocities

. 15.5 m/s 58 m/s 103 m/s

| Surface Type (35 mph) (130 mph) (230 mph) ]
y Aluminum and 'l to 4 ms 22.0 ms 21.0 ms

. titanium unpainted

i Aluminum anodized “4.8 ms 22.6 ms

2 Aluminum painted ’ up to 20 ms | up to 10 ms
5 Note 1 - See Reference 1

' ' Note 2 - See Reference 2

, Note 3 - See Reference 3

: Note 4 - See Reference 4

.
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FIGURE 12. MELT-THROUGH AND IGNITION THRESHOLD FOR ALUMINUM SKINS
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FIGURE 14. CURRENT AND CHARGE EXPECTED AT A ZONE 2A DWELL POINT
. Delivers 10C in first 5ms at any dwell point
. Delivers 0.4C/ms thereafter
. Delivers 400A for all 50ms if dwell time not
known (Drawn with straight lines for explanation
purposes only)

Different dwell points, different coatings, and different thicknesses will cause
correspondingly different dwell times. Consider, for example, the longest dwell
time, 20ms, reported in table 2 for a painted surface. During this period, the
current of figure 14 would deliver 16 C, These parameters intersect at a point
just above the 0.229cm (0.090 in.) curve in figure 12 indicating that even the
0.203cm (0.080 in.) thickness may be insufficient to preveant ignition where certain
paints are used. In-flight experience has shown that 0.080 inch aluminum skins
without thick paints can tolerate zone 2A currents without melt-through.

Therefore, if paints or other surface treatments must be used, it is advisable to
perform swept-stroke tests to establish the actual dwell time, or to perform
melt-through tests to determine the actual melt-through (or hot spot) threshold.

6.2 DETERMINATION OF TITANIUM SKIN THICKNESS REQUIREMENTS.

By using the chart of figure 13, it is possible to determine titanium skin thick-
nesses in a manner similar to that for determining aluminum skin thicknesses. The
ignition threshold for titanium occurs when the backside (fuel side) of the skin
reaches 1320° C, a cemperature sufficient to ignite a fuelair vapor. (Reference 4)

6.3 DETERMINATION OF PARTIALLY-CONDUCTIVE COMPOSITE MATERIAL SKIN
THICKNESS REQUIREMENTS.

No charts of the type in figures 12 and 13 have as yet been generated for other
metals or conductive composite materials, and the vulnerability of these should be
evaluated by test.

Lightning effects within fuel systems are a problem generic to both metallic and
composite fuel tanks. The problem in a composite structure is complicated by the
reduced electrical conductivity and the complex mechanical properties of the
material and the joints.

6.4 INTEGRAL FUEL TANKS WITH ELECTRICALLY NONCONDUCTIVE SKINS.

In some cases, nonconducting materials such as fiberglass-reinforced plastics (FRP)
are used instead of metals for integral fuel tank skins. In these cases, the
lightning channel will either:
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Puncture the skin and attach to an electrically conductive object inside the
skin (tank), path (a) on figure 15; or

Divert around the nonmetallic skin and attach to an adjacent metallic skin or
other object, path (b).

(b)

\  SURFACE
FLASHOVER

// PUNCTURE
\\3’/94;—”‘
/ METAL

S
———m e R

---1----——] o Y\
P IS

METAL

!/
WING TIP (a)

FIGURE 15. POSSIBLE LIGHTNING ATTACHMENT TO NONCONDUCTING SKINS

I1f the channel reaches the skin but remains on the outside surface, path (b), it is
not likely that the skin will burn through or that its inside surface will become
hot enough to ignite fuel. The reason for this is that the current is not elec~-
trically conducted by the skin, and the hot arc channel does not lie close enough
or long enough against the skin to burn through it. In fact, its effects are
usually limited to burning of external paints, if present, or to slight singeing
of the nonmetallic skin. However, an approaching leader induces streamers from
conductive elements of the aircraft including objects located beneath nonconducting
skins, If the electric field producing the streamers is strong enough, the skin
may suffer dielectric breakdown (puncture) and allow the streamer to reach the
approaching leader, This is most likely to occur when there is no external conduc~-
tive object nearby from which another streamer can propagate and reach the leader
first. Obviously, if a puncture occurs through an integral fuel tank wall, fuel is

placed in direct contact with the lightning arc channel and ignition is possible; N
therefore, normal practice has been not to have fuel extend into the zone lA wing
tip area.

Puncture of skins can be prevented, or at least greatly minimized by placement of
conductive diverters on the outside surface of the tank as shown in figure 16,
These diverters should be placed close enough to each other or to other conductors
to prevent an internal streamer from puncturing the skin. In theory, this means
that the diverters should be close enough to greatly reduce the internal electric
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field and prevent internal streamer formation, since such streamers will intensify
the field as they propagate outward. Prevention of internal streamers by diverters
is called electrostatic shielding, and successful accomplishment of this function
is necessary to prevent skin punctures and, equally important, to preveant internal
streamers from forming and becoming a source of ignition.

Because streamers form most readily from sharp conducting edges and corners, the
number of metallic parts inside a nonconducting fuel tank should be minimized and
those that remain should be located as far from nonconducting skins as possible and
designed with smooth, rounded edges instead of sharp points. These concepts are
illustrated in figure 16. Also, metallic parts should be located with as great a
spacing from nonconducting skins as possible.

Fuel Quantity Unit

e mount a8 far inboard
as possible

Outer edge of fuel tank

Navigation Light

peg e bond to diverter strip
18 Nonmetallic Wing Tip e Tun powver wires inside
lnchee metal conduit which

is solidly bonded to
inboard wall and to
lamp housing
Fuel or Veant Line and Outlet Assembly
e perhaps make this of nonmetallic
material
e if it must be metallic, keep as
far inboard as possible
e keep as far from skins as possible

FIGURE 16. LOCATION OF METALLIC PARTS WITHIN NONCONDUCTING FUEL TANKS

If a diverter protection system such as that shown in figure 16 is used, it
will often be most effective if not painted. Painting of the fiberglass skin
itself, of course, is to be encouraged, as the added insulation provided by the
paint will further reduce the probability of skin puncture.

1f a diverter arrangement is not practical for some reason, a conductive coating
may be applied to the tank instead. Such a coating may be a metal foil or a paint
heavily doped with metal or carbon particles. The major disadvantage of these
coatings is that a relatively large portion of the coating may be melted or burned
away when the flash attaches to it. A coating may have to be prohibitively thick
(one approaching the thickness of conventional metallic skins themselves) to avoid
these results,

On the other hand, a conductive coating has the important advantage of providing an
overall electrostatic shield that will virtually eliminate internal electric fields
and streamering. Thus, if metallic objects must be located inside the tank in such
a manner that streamers are of concern, it may be advisable to consider a conduc-
tive coating over the entire nonconducting skin. This precaution is particularly
appropriate if occasional burnoff of part of the coating is acceptable from a
maintenance standpoint.
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Precipitation-static must be considered carefully in applying conducting coatings
to plastic surfaces. If the external conductive coatings are not well bonded to
the airframe, severe precipitation-static interferences with substantial RF inter-
ference can result.

Coatings rely on one of two techniques: High and low electrical conductivity to
protect the dielectric material.

High conductivity coatings having a low electrical resistance in which the
current is conducted directly in the coating. The current density is very high at
the strike attachment point but it diminishes rapidly as the current spreads from
the lightning attachment point. This will probably result in a minimum of electro-
magnetic coupling to systems (wiring, metallic tubing, metal brackets, etc.) behind
or in the vicinity of the strike.

Low conductivity coatings such as carbon or metal filled paints, in which the
lightning current is not conducted by the material but rather the conditions, are
established so that the lightning arc can more easily flash across the surface than
puncture the dielectric material. Since the lightning current probably does not
spread out but remains as a single conducting plasma path, the electromagnetic
coupling would be similar to that obtained by a wire carrying a similar current.

Some metal filled paints are nonconductive and do not offer electrostatic shielding.

As a result, the approaching lightning channels can induce streamers from conductors
mounted behind the coating. Typical coating and diverter systems are listed below:

TABLE 3. COATINGS AND DIVERTER SYSTEMS

TECDYIOUE k34414

4 Toatings Thin anecal “ail

|

!

| dize aeshaa

I (Utaidr-d 97 woven)

Spraved zecai
20acings

Mecal-£fill:a oainc
~highlv cooductive

Mecal-filled jpain:
-oot conductive

L

Carboa filled paiat ;

-high conguctivity

Carbon-fillei paine |
~iow conduccivicy |

1
Aluminim=-costea
fider glass clozh

¢

——

! Otiveccars Heavy conductive
setal +trips

Lxpendable thin
conductive
sacal strips

Bucton diverter

Matal particles on
dleleczet: sertp
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Users of any of the techniques listed in table 3 should be aware that improper
designs can create additional problems such as structural damage or systems inter-
face, and should carefully evaluate proposed designs and verify adequacy by test.

6.5 COMPONENTS, JOINTS, AND INTERFACES.

Electrical wires and plumbing within fuel tanks pose another problem due to
negligible electromagnetic shielding properties of these materials.

In the past, much attention has been given to keeping lightning currents out of the
interior of the aircraft by providing conductive and tightly bonded skins.
Since most lightning currents, due to their short duration, will not have suffi-
cient time to diffuse completely to interior structural elements such as spars and
ribs, some current will flow in other internal conductors such as fuel and vent
lines.

Since so little energy is needed for an igniting spark, the behavior of these
internal currents is of great importance to fuel system safety. Of course, when
the lightning currents which do flow in the skin encounter discontinuities at
access doors, filler caps, and the like, a possibility of sparking exists if
electrical bonding is inadequate; therefore, the behavior of lightning currents
remaining in the skins is important.

Figure 17 shows the possible lightning curreant paths in a typical fuel tank and
calls attention to these areas of greatest concern. These areas are discussed in
the following subparagraphs.

Joints Between Skins,
Spars and Ribs

Joincs and I[ncerfaces in
Lines & Ficciags

Access Doors and
Filler Caps

/T
YTV

\

Electrical Apparatus
and Wiring

FIGURE 17. LIGHTNING CURRENT PATHS IN A FUEL TANK
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6.5.1 Filler Caps.

The need to provide a liquid-tight seal around fuel tank filler caps has led to use
of various gaskets and seals between the cap and its mating surface in the tank.
Most of these have little or no electrical conductivity, leaving the metallic
screws or other fasteners as the only conducting paths into the cover. If these
fasteners are inadequate or if they present too much inductance, lightning currents
may build sufficient voltage along such paths to spark across the nonconducting
seals, creating shorter paths. Some of these sparks may occur at the 1inside *
surfaces of the joints and be a source of fuel ignition.

Research has been accomplished to evaluate this possibility and it has been -
demonstrated that direct strikes to filler caps can cause profuse spark

showers, inside the tank, of ample energy to ignite fuel, Such a situation
is illustrated in figure 18,

LIGHTNING ARC

yl’llllllllllll
>N
4

ARCING

FIGURE 18. SOURCES OF IGNITION AT AN UNPROTECTED FUEL FILLER CAP

Lightning protected filler caps have been designed to prevent internal sparking.
Figure 19 illustrates this type of cap. It incorporates a plastic insert that
precludes any sparking at interior faying surfaces and replaces the previous ball
chain with a nonconducting plastic strap. Lightning protected fuel tank filler
caps are commercially available and are being used in many aircraft where filler
caps must be located in direct or swept-lightning strike =zones. Even though
lightning protected fuel filler caps are used, attention must also be given to
assuring that the cap adapter-to-tank skin interface is free of ignition sources.
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LIGHTNING ARC

ARCING

FUEL PLASTIC STRAP

FIGURE 19. LIGHTNING-PROTECTED FUEL FILLER CAP

NOTE: It is most important to assure that filler cap mounting adapters and
fasteners will not spark internally to the adjacent skin during a lightning strike
to the cap, adaptor or fastner.

6.5.2 Fuel Probes.

Extreme care must be taken to ensure that adequate gaps are maintained between the
active electrodes of the probe and airframe. It is particularly important that
sufficient insulation be provided between active electrodes and the airframe
because the highest induced voltages appears between all of the incoming wires
and airframe. This is shown in figure 20.

l’— LONG CABLE RUN TO FUSELAGE —Ol

SHIELDED o
WIRES TO
P ) ELECTRONICS
T D

SHIELDS
GROUNDED
TO AIRFRAME
HIGHEST ONLY AT
INDUCED ELECTRONICS
VOLTAGES END
ARE
BETWEEN CAPACITANCE-TYPE
SHIELDS PROBE
AND
AIRFRAME WING
FUEL
TANK
FIGURE 20. TYPICAL FUEL PROBE WIRING
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Cone 2: Surfaces of the vehicle across vhich
there is a high probability of a lightning flash
being svept by the airflow from a Zone 1 point
of initial flash attachnent.

Zone 3: Zone 3 includes all of the vehicle
areas other than those covered by Zone 1 and
Zone 2 rerions., In Zone 3 there is a low prob-
ability of any attachnent of the direct light-
ainp flash arc, Zone 3 areas nay carry sub-
stantial anounts of alectrical current -ut only
by Jirect conduction between some pair of dir-
ect or swept stroke attachnen: points.

Zones 1 and 2 nay be further rdivided into A and
crrinnn depending on the probability that the flash
A wanpg on for any protractaed period of time. An A
e resion is one in which there is low probability
t the arc will renain attached and a B type region
one in which there is a high probability that the

will renain attached. “one exanples of zones are
follows: ‘

Zone 1lA: Iaitial attachment point with low prob-
ability of flash hang=on, such as a leadinpg edge.

Tone 1B: Initial attaciment point with high probe
ability of flash hans=on, such as a trailing adpe.

“one 2A: A\ swept stroke zone with low probabil-
ity of flash hang-on, such as a wing nmid-span.

Zone 2i: A uwept stroke zone with high proba- °
bilicy of flash iang=-on, such ag a wing inboard
trailing cdge.

Aarnspace Vehicle Lighening Zffacts Phenonena

The lightning cffects to which aerospace vehi-
) are exposed and the cffects which should bLe re-
luced through laboratory testing vith simulated
itning vavefornms can be Jdivided into JIRECT EF-
{S aml LIDIRECT IFFLCTS. The direct effucts of
itninpe are the burning, eroding, blasting, and
ictural deformation caused by ligitning are at-
ment, as wall as the hichepressure-.shock vaves
napnetic forces produced by the associated Ligu
rents.  The imdirect eifects are predominatly
e resultine from the {nteraction nf the electro=
weie fields accompanvine lishtnin~ with electica)
iratus in the aircraft. l!lazardousn indirect effects
ld in principle be produced by a lighening flash
> did not directly contact the aircraft and lLence
not capable of producing the direct effects of
iing and Llasting., Illowvever, it {s currently be-
red that most indirect cffects of Laportance will
1ssociated with a direct lightning flash. In some
s both direct and indirect effects nay occur to
samc component of the aircraft. ..n axanple would
3 lightning flash to an antenna which physically
ins the antenna and also sends danaging voltages
» the transnuitter or ruceiver comnected to tlat
mna. In this document the physical danage to the

snna will be discussed as a direct effect and the
tages or currants coupled from the untenna into
corvmunications equipment will be treatod as an
irect effect.
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2.3.1 Direct Effecty

The nature of the particular direct effects as-
sociated with any lightning flash depends upon the
structural component involved and the particular
phase of the lightning current transfer discussed
earlier,

2.3.1.1 JBurninp and Lroding

The continuing current phase of a lightning
stroke can cause severe burning and eroding Jamage
to velilcle structures. The rost severe danage oc-
cur: when the lightning channel (dwells or hangs on
at one point on the vehicle for the entire period of
the lightning flash, such as in Zone 1. This can
result in holes of up to a few centineters in dia-
meter on the aireraft skin.

\ )

wo loiom

Vaporization Pressure

e ideh peail current pise ol tae livatning
fla:na transfiers a large amount of encergsr ia .t stort
peciod of tine, a few teus of wicrosecomis, This
enerav transfer can result in a fast toerticdk vaporiza=
tion of material. If tiis occurs in a confined area
such as a radome, a hinh nressure mav be created
which may be of sufficient mapnitude te cause
structural damare, The vanorization of metal and
othere naterials and the heating of the air inside
the radome, crecace tite hinh internal nressure that
leads to structural failure, In some instantces
inrire radomes have heen hlovn from the aircrart,
2.3.1.3 llagnetic Foree

Juring the high peal. current phase of the ligiite
ainy flash the flow of current through sharp bends
or corners of the aircraft structure can cause ex-
tensive maguetic flux interaction, In certain cases,
the resultant nagnetic forces can twist, rip, Jdis-
tort, and tear structures atay from rivets, scrows,
and ovther fastencrs., These napnetic forces are pro-
portional to the 3quare of the nagnetic field inten-
sity and thua are proportional to the square of the
lighening current. The damage produced {s related
both to the nagnetic force and tn the response tine
of the syster:.

2.3.1.4 Fire and Txplosion

Tuel vapors and other combustibles mav be ig-
nited in several ways by a lightning flash, luring
the prestrike phase high electrical stresses around
the vehicle produce streaners from the aircraft ox-
trenities. The design and lncacion of fuel vents
determine their susceptibility to straeauner condi-
tiona. 1f streaners occur from a fuel vent in which
flarmuable fuel-air uiztures are present, ifnition
nay oceur. If this ignition {s not arrested, flames
can ,ropagate into the fuel tank area and cause a
major fuel explousion.




+4 Restriks Phase

In a typical lightning flash there will Ue sev=
1 high current strokes following ths first return
oke. Thase occur at intervals of several tens of
liscconds as diffaerecat charge poclets in the cloud
tapped and their charge fed into the lightning
mnel. Typically the peak amplitude of the te-
ikes is about one half that of the initial high
rent peak, but the rate of current rise is often
ater than that of tha first return stroke. The
tinuing current often links these various success-
| Tegurn atrokes, or rastrikas.

Aerospace Vehicle Lightning Strike Phenomena

+1 Initisl Attachment

Inicially the lightning flash will enter and exit

' aircraft at two or more attachment points. There

1 always be at least one entrance point and one exit
nt, 1t is not possible for tlhie vehicle to store the
ctrical energy of the lighening flash in the capaci-

e £icld of the vehicle and so avoid an exit point.
1dcally thase initial attachment points are at the
renities of the vehicle. 7These include the nose,
i tlps, elevator and stahilizer tips, protruding

\ennad, and engine pods or propellar blades. Light-

it can also attach to the leading edge of awept irinps

! 3o11¢ control surfaces.

2 lwept Stroke I'henoncnon

The lightning channel is somewhat stationary in
ice viiile it 1s ctransferring electrical charge.
m a vehiclae is involved it becomas part of the
umel, liowever, duc to the speed of the vaehicle
| the lennth of time that the ligiicning cinnnel ex~
‘9, the vehicle can wove relative to the lishtning
mnel. ‘'Mhen a1 forward extrenity, such as a nose
ving rounted angine pocds are involved, the surface

movas through the lightning channel. Thus the light-
ning ciannel appears to sweep back over the surface
ao illustrated in Pigurc 2-1., This is known as the
suvept stroke phenomenon. .S the sweeping action oc=-
curs, the type of surface can cause the lightning
channael attach point to dwell at various surface lo=-
cations for Jdifferent perfods of ci=e, resultine in
a < dppin; action which produces a series of dis-
crete attachnent points alony; the sweeping path.

7he anouut of damape produced at any point on
tihe aircraft Lv a swepte-stroke dJdepends unon the type
of material, the are dwell time at that point, and
the lightaing currenta vhich flov during the attach-
ment. Botii higy peal: current restrikes with inter-
adiata current components and continuin currents
nay be oxperienced. Nestrikes tvpically rioducu te=
attachnent of the arc at a new point.

When the ligatning arc has heen suept hack to
one of the trailing edges {t may remain actached at
that point for the remai:ing duration of the lipht-
ning flash. An infcial exit point, if it occurs at
a trailing edge, of course, would not be-subjected
to any swept strole action,

The sipnificance of the swept stroke phenomenon
18 that portinns of the vehicle that °rould not be
targets for the initial ontrv and exit point of a
lightning flash nay also be involved in the lipht-
ning flash process as the flash is swept backwards
irrngs the vehicle.

A Lightninye Attachment “ones

Adrcraft surfaces can then Le divided into tihree
zones, with each zone having different ligituing at-
tacivient aud/or transfer characterisczics. These are
defined as folliwra:

Zone 1: Surfaces nf the vehicle for wiiich there
is a high probability of initial ligheninp flash
attachnent (entry or exit).

Fipure 2-3 Swept stroke phenomenon.
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For cach strolecs
Tine to neak current = 1.5 s
Time ta Half Value =4 um

Imtal Feturn Suroke For the complete flash : .
S 2 (3 9
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current
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ma ne
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(A) Severe nerative liechtninn flash curront vavefora,

(Courtesy o Cuanes e )
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(B) Meoderate positive lichening flash current vaveformn,

“ieure 2-2 Linhtaing flash current wvaveforms,
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2,0 LIGHTNING STRIKE PHENOMENA

2.1 Macursl Lightning Striks Electrical Characteristics

Lightning flashes are of two fundmmentally diff-
erent forms, cloud-toeground flashas and inter/intra-
cloud flashes. DBecauss of the difficulty of inter-
cepting and measuring inter/incrscloud flashes the
great bulk of the statistical data om the character-
istics of lightning refer to cloud=to-ground flashes.
Aerospace vehicles intercept both inter/intracloud
and cloud=to-ground lightning flashes as shown in
Pigure 2-1, There is evidence that the inter/intra-
cloud flashes lack the high peak currents of cloud-
to-rround flashes. Therefore, the uss of cloud=-to=
sround lightaing strike charactaristics as design
eriteria for lightning protection seems consarvativa.

There can be discharges from either a positive
or a nagative charge center in the clouwd. A nega-
tive discharge is characterized by several incer-
mittent strokes and continuing currents as shown in
Figure 2-2(A). A positive discharge, vhich occurs
only a small but significant percentage of the tine,
in shown in Figure 2=2(B). It is characterized by
both highar averapge current and longer duration in a
sinrlo atroke and must be recognized because of its
rreater onergy content. ~he following discussion
descrihes the more common nagative flashes.

2.1.1 Prestrike hase

The lightning flash is typically originated by
a step leader which develops from the cloud toward
the pround or towards another charfe center. A8 a
lightning step leader approachas an extremity of the
vehicle, hizh electrical fields are produced at the
surface of the vehicle. Thase electric fields give
rise to other electrical streamers which propagate
svay from the vehicle until one of them contacts the
approachings lightning step leader as shown on Figure
2=1., Propasation of the step leader will continue
from othier vehicle extremities until one of ths
branches of the step leader reaclies the ground or an-
ather charge center. The average velocity of propa=
gation of the stop lsador is about one seter per nic-
rogecond and the average charge in the whole step
leader channel 1s about 5 coulombs.

2.1.2 iligh Peak Current Phase

The high peak current associated with lightning
occurs after the atep leader reaclhies the ground anmu
forns what i{s called the return stroke of the lirht-
ning flashi, This return stroke occurs vhen the
charge in the leader channel is suddenly able to flou
into the lowv impedance ground and neutralize the
charge attracted into the region prior to the step
leader's contact with the ground. Typically, the
high peak current phase is called the return scroke
and i in the range of 10 to 3N A {amperas x 107).
Iligher currents are possidble though less probabdble.

A peak current of 200 kA represents a vary savaere
stroke, one that is exceeded only shout 0.5 parcent

of the time. While 200 kA may be considered a pract-
ical maximm value of lightning current, it should he
erplusized that in rare cases a larpger curtent can oc-
cur. MNeliable measurenents are few, but there is
circunscantial evidence that peak currants can aexceed
400 k\. The current in the return stroke has a fast
rate of change, typically about 19 to 20 L\ per micro-

STEPPED LEADER CHANNEL
APPROACHING VEHICLE

Qeoroveneacs

LEADER CHANNEL

Fig. 2=1 Lightning flash striking an aircrafe,

sacond and axceediny, in rare caases, 10 K\ per nicro-
second. Typically the currant decays to half {ts peal
anplitude in 20 to 40 psec, llo correlation las Leen
shotm to exist hetveen peak current and rate of rise.

2.1.3) Continuing turrant

The total charge transporteu by the lightning
return stroke is ralatively small, a fuw coulomba,
vost of the charge is transportal in two phases of
the lightning flash following the first return stroke.
Thase are an intermediate phase in which currents of
a %ew thousand anperes flou for times of a few rilli-
saconds and a continuing current phase in which cure
rents of the order of 200=400 anperes flow for times
varving fron about a tenth of a second to one second.
The maxiuum charge transferred in the intermediate
phase is about 10 coulombs and tho naxirmmm chatge
tranaported during the total continuing currant nhase
in about 200 coulombs.
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1.0 DITRODUCTION

Thuis docunent presents test waveforms and tech-
niques for sinmulated lightning testing of aerospace
vehicles snd hardware. The uvaveforms presented are
based on the best available knowledge of the natural
lightning enviroment coupled with a practical con-
sideration of state—of-the-art laboratory techniques.
This document doas not include design cricecas nor
does it specify which items should or should not be
tasted,

Tasts and associsted procedures described here-
in are divided into two genaral caterories:

o tualificacion teats
o Engineering tests

Acceptable lavels of damage and/or pass-foil
criteria for the qualification tests rust be provided
b the copnizant regulatory authority for each parti-
cular case.

The enkineering tests provide important data
that may be necagsary to achisve s qualifiable design.

The term Acrospace Vehiclae covers ‘a wide varisty
of syatens, incluiing fixed wing aireraft, halicop=
ters, nissiles, and spacecraft. In addition, natural
lightning 18 a complex and variable phenomenon and
its inceraction with different types of vehicles may

A-1
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be manifested in nany different wvays. It is there-
fore difficult to addrass avery possible situation {u
detail, However, the test waveforns described harein
represent the significant aspects of the natural en-
vironnent and are therefore independent of veliicle
type or configuration. “he recormended test techni~
ques Dave aliso been kept peneral to cover as many
test situations as possible. Some unique situstions
aay not £it into the general guidelines; in such in-
scances, application of the waveform components nuat
be tailored to the specific situation.

The test wvaveforns and techniques described
herein for qualification tests simulate :'.c effects
of a severe ligiitning strike to an aerospace vehicla,
Where it has been shown that test conditions can af-
foect raesults of the test, a specific approsch is re=-
cormendud as a guideline to new lsboratories and for
consistancy of rasults between laboratories.

It is not intended that every wavuform and test
dascribed herain be applied to every systen requiring
lightning verification tests. The .focument is written
so that specific aspects of the envircaent can be
called out for each specific program as dictated by
the vehicle design, performance, and nission con-
straints.
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Users of this document should ascertain that they are
in possesion of the latest version.

This version supersedes SAE Special Task F Report
“Lightning Test Waveforms and Techniques for Aero-
space Vehicles and Hardware'" dated May S5, 1976.
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LIGHTNING TEST WAVEFORMS AND TECHNIQUES
FOR
AEROSPACE VEHICLES AND HARDWARE

Report of
SAE Committee AE4L
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11. Entry Point - A lightning attachment point where charge enters the aircraft.
12. Exit Point - A lightning attachment point where charge exits the aircraft.

13. Incendiary Arcs/Sparks ~ Arcs, sparks, or spark showers capable of igniting
flammable vapors.

14, Indirect Effects ~ The results of electromagnetic coupling from lightning
(such as induced sparking in fuel quantity probe wiring).

ve

15. Leader - The stepped leader is initiated by a preliminary breakdown within the
cloud. The preliminary breakdown sets the stage for negative charge to be
channeled towards the ground in a series of short luminous steps.

16. Lightning Flash - The total lightning event in which charge is transferred
from one charge center to another. It may occur within a cloud, between clouds, or
between a cloud and ground. It can consist of one or more lightning strokes.

17. Lightning Strike - Any attachment of the lightning flash to the aircraft.

18. Lightning Stroke (Return Stroke) - A lightning current surge, return stroke,
that occurs when the lightning leader makes contact with the ground or another
charge center.

. 19. Spark Showers - Luminous particles resulting from electric arcs or sparks,
' often associated with high current.

20. Streamering - The branch-like ionized paths that occur in the presence of a
direct stroke or under conditions when lightning strokes are imminent.

21. Swept Stroke - A series of successive attachments due to sweeping of the flash
across the surface of the airplane by the motion of the airplane.

22, Time-to-Crest of a Voltage Waveform - The time-to-crest of a waveform is
defined as 1.67 times the time interval between the instants when the amplitude is
30 percent and 90 percent of its peak value.

23. Time Duration of a Current Waveform - The time duration of a current waveform
is defined as the time from initiation of current flow until the amplitude (peak
amplitude in the case of a damped sinusoid) has reduced to 5 percent of its initial
peak value,

\ 8.0 REFERENCES.

1. Plumer, J. A., Lightning Effects on General Aviation Aircraft, FAA-RD-73-99,
. Federal Aviation Administration, Department of Transportation, Washington, DC
(October 1973), pp. 21-44,

2., Oh, L. L., and Schneider, S. D., Lightning Strike Performance of Thin Metal
Skin, Session III: Structures and Materials, "Proceedings of the 1975 Conference
on Lightning and Static Electricity," 14~17 April 1975 at Culham Laboratory,
England, pp. 6-7.
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s s0 as to relieve mechanical stresses caused by wing flexure and vibration. These
g actions may wear away this insulation, providing unintentional and intermittent
! conductive paths. This should, therefore, be given particular attention in the
design of aircraft fuel systems.

7.0 DEFINITIONS.

;- The following definitions apply to this document,

1. Action Integral - The action integral concept is difficult to visualize, but

is a critical factor in the production of damage. It relates to the energy
deposited or absorbed in a system. However, the actual energy deposited cannot be
defined without a knowledge of the resistance of the system. For example, the °
instantaneous power dissipated in a resistor is by Ohm's Law, i2(t)r, and is
expressed in watts. For the total energy expended, the power must be integrated
over time to get the total watt-seconds (or kilowatt hours). The watt-second is
equivalent to the joule, which is the common unit of electrical energy used in
high-voltage practice., Without a knowledge of r, we cannot specify the energy
deposited. But by specifying the integral of i2(t) over the time interval
involved, a useful quantity is defined for application to any resistance value of
interest. In the case of lightning, therefore, this quantity is defined as the
action integral and is specified as J'iz(t) dt over the time the current flows. -
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2. Arcs - An electrical discharge between conductors in contact.

3. Attachment Point - A point of contact of the lightning flash with the aircraft
surface.

DA%

4. Average Rate-of-Rise of Voltage - The average rate-of-rise, dv/dt, of a
waveform 1s defined as the slope of a straight line drawn between the points where
the amplitude is 30 percent and 90 percent of its peak value.

py
v

P
a2 5 5 84,

5. (Charge Transfer -~ The charge transfer is defined as the integral of the time-
varying current over its entire duration.

6. Corona - A luminous discharge that occurs as a result of an electrical
potential difference between the aircraft and the surrounding atmosphere.

.
o A_:.

.

7. Decay Time of a Voltage Waveform - The decay time of a waveform is defined as
the time 1interval between the 1ntersect with the abcissa of a line drawn through
the points where the voltage is 30 percent and 90 percent of its peak value
. during its rise, and the instant when the voltage has decayed to 50 percent of
. its peak value.

o

‘t)
Y

8. Direct Effects - Physical damage effects caused by lightning attachment
directly to hardware or components, such as arcing, sparking, or fuel tank skin
puncture,

L)
'

9. Direct Stroke Attachment - Contact of the main channel of a lightning flash .
with the aircraft, 1

2
’
.
Ca
1

10. Dwell Time - The period of time that the lightning arc channel remains
attached to a single point.

36
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6.5.3 Joints in Skins.

-

Sparking is sometimes a result of current densities through small paths across the
joints in which the current density exceeds the fusing current (e.g., currents that
melt or vaporize material) density. Small burrs of aluminum with insufficient
cross sectional area to carry the localized current are vaporized or melted and
exploded into small spark showers. These can be generated across joints with even
low joint impedances, as illustrated in figure 22. Thus, the edge treatment of
wing planks and splice plates, for example, is critical in preventing sparking
inside fuel tanks.

mhn:i )
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2 ] st N R h‘d.ly sheared splice
/ plate burr permits
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spark shower
incomplete sealant
exposes sparking

sealant

FIGURE 22. POSSIBLE SPARKING AT STRUCTURAL JOINT

There is no hard-and-fast rule for the number of fasteners per meter of joint
(density) which are necessary to avoid sparking. Any sparking usually occurs at
the interfaces between the fastener and surrounding metal, and the occurrence of
such sparking depends on other physical characteristics, such as skin metal
thickness, surface coatings, and fastener tightness. Tests in which simulated
lightning curreats are conducted through the joint should always be made on samples
of joints involving new materials or designs following production manufacturing
techniques.

Graphite/epoxy composite material can have a severe corrosion problem due to
galvanic action between graphite and other aircraft material, mainly aluminum.
Direct (uncoated) aluminum—to-graphite compostie joints should be avoided.

6.5.4 Joints and Interfaces in Pipes and Coupling.

When lightning currents are flowing through the structure, small amounts of current
may be diverted through metallic fuel lines, vent pipes, other plumbing inside a
fuel tank, and hydraulic lines. For nommetallic tanks, these currents may be
significant. This current may cause sparking at pipe joints and couplings where
there is intermittent or poor electrical conductivity. Some pipe couplings, for
example, are designed to permit relative motion between the mating ends of a pipe

35
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j Electrical devices, such as fuel probes, have been intentionally designed to

' withstand comparatively high voltages without sparking. However, structural
designs or material changes may alter this situation and permit excessive

- induced voltages to appear in the fuel tank electircal circuit.

: When determining the breakdown voltages of fuel quantity probes, test voltages

e must be applied to all of the electrode combinations which may exist, (this

& is not required to be accomplished simultaneously). In most probes both the "high"
and "low" electrodes are insulated from "ground" (airframe) as shown in figure 21, .

N but the mounting bracket brings the probe into proximity of the airframe. There-

L fore, test voltages should be applied across each of the basic electrode combina-

N tions as shown in figure 21 (taken from reference 5). .

2

N

Aircraft Fuel Tank Skin

)

I I
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-«+— CONDUCTIVE TUBES
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. |
> 2
- Aircraft Fuel Tank Skin ]
‘: Possible breakdown of gaps in capacitance-type probe.
¢ 1. High to Low .
’é 2. High to Airframe
; 3. Low to Airframe
Ny
o FIGURE 21. TYPICAL IMPULSE SPARKOVER VOLTAGES FOR
by’ A CAPACITANCE-TYPE PROBE
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The flow of lightning currsnt through vehicle
structures can cause sparking at poorly bonded struc-

ture interfaces or joints. If such sparking occurs
vhere combustibles such as fuel vapors are located,
ignition may occur.,

Lightning attaching to an integral tank skin
may puncturs, burm holes in the tank, or heat the
inside surface sufficiently to ignite any flammable
vapors present.

2.3.1.5 Acoustic Shock

The air channel through which the lightning
flash propagates is nearly instantaneously heated
to a very auigh temperature. Y%hen the resulting shock
“dve iLplnpes upun a surface it nay produce a de=
structive overpressure and cause mechanical damage.

2.3.2 Indirect Effccts

Danage or upaet of electrical equipment by cur-
rents or voltapes is defined as an indirect effect.
In this document such danmage or upset is defined as
an indirect effect even though such currents or volt-
afes may arise as a result of a direct lightning
flagh attachment to a piece of external electricsl
hardware. .n example would be a wing=tip navigation
lighe. 1If lighening shatters the protective glass
covaring or burns through the metallic housing and
contacts the filament of the hulb, current can he
injected into the clectrical vires running fron the
bullb to the power supply bus. This current may burn
or vaporize the wires. The associated voltage surge
nay caunse breakidown of insulation or damage to other
electrical equipnent.

Fven if the lightning flash does not contact wir-
ing directly, it will set up changing electromagnetic
fields around the vehicle. Tho netallic structure
of the vehicle doas not provide a perfect Faraday
cage clectronagnetic shield and therefore some alec~-
tromagnetic fields can entar the velhicle, aither by
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diffusion through metallic skins or direct penstra-
tion through apertures such as skin joints and wine
dows or other nonmetallic sections, If the fields
are changing with raspect to time and link clectri-
cal circuits inside the vehicle, they vill induce
transient voltages and currents into these circuits.
These voltages may be hazardous to avionic and elec-
trical equipment, as well as a source of fuel igni-
tion.

Voltages and currents nmay also be produced by
the flow of lightning current through tlie resistance -
of the aircraft structure.

2.3.3 Effects on lcrsonnel

One of the nost troublesone cffects on personnel
in Zlash blindnesa, This often occurs to Slipht cra:
nerber(a) who nay ba looking out of the velhicle in
the «irection of the lightning flash. The rasulting
flash blindness nay persist for periods of 30 seconds
or rore, rendering the crev nember temporarily unable
to use his eyes for flight or instrument-reading
purposas.

Pcrsonnel inside vehicles nay also be subjected
to hnzardous effects from lightning strikes, Serious
electrical shock nay be caused by currents and vole-
apen, comducted via control cahles or wiring leadins
to the cockpit from control surfaces or other hard-
wvare struck by lightning. Shocl can also he induced
by the intanse thunderstorr: clectromagnetic fields.

The shock varies from nild to serious; suffi-
cient to cause nunbness of hands or feet and sone
disorientation or confusion., This can be quite haz-
ardous in high-performance aircrafc, particularly
under the thunderstorn conditions during vhich light-
ning strilkes generally occur.

Tests to cvaluate these personnel cffects are
aot included in this document,
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3.0 STAIDARD LIGHTNING PARAMECTER SDMULATION

3.1 Purpose

Complete natural lightning flashes cgnnot be du-
plicated in the laboratory. liost of the voltage and
current characteristics of lightning, however, can be
duplicatad separately by laboratory gemerators. Tlase
characteriatics are of two broad categories: The
VOLTAGES produced during the lightning flash and the
CIRRENTS that flow in the completed lightning channel.
With a few exceptions, it is not necessary to simu-
late high-voltage and highecurrent characteristics
together.

The high=voltage characteristics of lightning
deternine attaclment points, breakdown paths, and
stroamer effects, whercas the current characteristics
deternine direct and indirect cffects.

In woat cases, lightning voltages are siuulated
by high-impedance voltapae generators operating into
high-inpedance loads, while lightning currents are
simulated by low-impedance current generators operat-
ing into low=impedance loads.

The waveforns descridbed in this section are ide-
alized. Definitions relating to actual waveshapes
are covered in ANSI and IEFE Standard Techniquas for
Diaelectric Tests.
These specifications are cquivalcn: and are in turn
equivalent to Figh Voltage Test Techniques, IEC 60-2
(1973). The Jefinitions in thase tiocuments should
ba userl to deternine the front time, duration and
rate of rise of actual waveforms.

Savere lightning flash voltage amd current wvave-
forms, as described in Paragraph 3.2 have Leen de=
veloped for purposes of qualification testing® “ave-
forus in Paragraph 3.3 are for R&D or screening test
purposes and sre desipnated engineering tests,
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3.2 Vaveform Descriptions for Quslificarion Tests

3.2.1 Yoltage Yaveforms

The basic voltage waveform to which vehicles are
subjected is one that rises until hreakdowm occurs
either by puncture of solid insulation or flashover
through the air or across an insulating surface. The
path that the flashover takes, either puncture or sur-
faca flashover, depends on the rate of rise of the
voltage as shown in Pigure =1,

During some types of testing it is nacessary to
deternine the critical voltage amplitude at which
breakdown occurs. Tids criuicdis vuasLaye iseves de=
pends upon both the rate of rise of voltage and the
rate of voltage decay, 7Two examples are (1) deter-
mining the strength of the insulation used on electri-
cal wiring and (2) determining the points from which
electrical streaners occur on a vehicle as a lightaing
flash approaches.

Although the exact voltage vaveform produced by
natural lightning is not known, flight service data
and conservative test philosophy justify the defini-
tion of fast rising voltage vavaforms for the tests
just described. Voltage testing for qualification
purposes thus calls for twn different standard volt-
ape waveforns. These are shown in Figure 3= and are
dascribed in the followin; sections. The qualifica-
tion tests in which these uavefurws are applied are
presented in the teat matrix of Table i. The objec-
tives of aach test, the tnoet metup, mersurement and
data rejuirerents are described ir Section 4.0.

Voltare waveforma that would
accur {f puncture or flash-
over did not occur

A faat rate of voltage rise

/ C_______—-—-"’leads to puncture at 2

A slover rate of voltage rise

/lends to flashover at V1

Time lap curve for
puncture of solid finsulation

ime lag curve for flash-
over_through afir

Vv Vv

Firure l=1 Influence of rate of rise on flashover path

TIMF
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3.2.1.1 Voltage Yaveform A - Basic Lightning
Waveforn

This waveforn rises at a rate of 1000 kV per
oicrosecond (+50%) until {ts increase is interrupted
by puncture of, or flashover scross, the object under
test, At that time the voltage collapses to zero,
The rate of voltage collapse or the decay time of the
voltage if breakdown does not occur (open circuit
voltage of the lightning voltage generator) is not

specified. VYoltaga waveform A is shown in Figure
3-2,
3.2.1.2 Yoltage Vaveform B - Full llave

Yaveforn B is a 1.2 x 50 microsecond waveform'
which is the electrical industry standard for impulse
diclectric tests. It rises to crest in 1.2 (+20%)
nicrosecomds and decays to half of crest amplitude
in 50 (+207) nicroscconds. Time to crest and decay
tine refer to the open circuit voltage of the light-
ning voltase generator, and assune that the wave=-
for i{s not linited by puncture or flashover of the
ohject under test., This waveforn {s shown on Fig-
ure 3-2,

3.2.2 lurrent ''aveforms

It is difficult to reproduce a severe lightning
flash by lahoratory simulation because of inherent
faciliey lintitations. Accordingly, for deternining
the effacta of lightning curronts and for laboratory
qualification testing of vehicle hardware, an ideal=-
ized representation of the components of a severe
lightnin; flash incorporating the inportant aspects
of both positive and negative flashes has heen de=
fined and is showm on Figure =1,

For qualification testing, therc are four com=
ponents, A, 3, C, and D, nged for datarmination of
direct affccts and test waveform I. used for detar-
rmination of indirect cffacts. Components A, B, C,
and D each simulate a different characteristic of the
current in a natural lightaing flash and are shown on
Figure 3=3. “hey are applied individually or as a
conporite of two or nore components together in one
test. There are very few cases in vhich all four conm-
ponents must he applied in one test on the same test
ohject. Rise time or rate of change of current has
little effect on plhiyaical danage, and accordingly has
not heen specified in these components. Current wave=-
form £, also shown on Figure =3, is intemied to deter-
mine indirect effects. IMhen cvaluacing indirect ef-
focts, rate of change of current is important and is
specifimi.,
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The teets in which these vaveforms are applisd
are presented in Table 1. The objactives of each tast
slong with setup, neasurcment, and dats requiremants
are descrided in Section 4.0,

3.2.2.1 Component A - Inicial Tigh Tesk Current

This component sinulates the first return stroks
and {s characterized by a peak amplitude of 20
(+12‘5) and an action integral (Ji dt) of 2 x 10
anp‘-geconds (+207) with a total time duration not
exceeding 500 nicroseconds.

The actual waveshape of this component is pur—
poscly left undefined, because in laboratory simula-
tion the waveshape is strongly influenced Ly the type
of surga generator used and the characteristics of
the device under test. ‘latural lightning currents
are unidirectional, but for laboratory simulation
this conponent ray be either unidirectional or os-
cillatory.

3.2.2.2 Component 3 - Intermediate Current

This conponent sinulates the intermediace phase
of a lightning flash in which currents of several
thousand anperas flow for tines on the order of sev-
eral nilliseconds. It is characterized by a current
surse with an average current of 2 ki (+10%) flowing
for a naxirwn duration of 5 milliscconds and a oaxi=-
mun charge tranafer of 10 coulombs. The waveforn
shwuld he unidirectional, e.g. rectangular, exponen~
tial or linearly decaying.

3.2.2.3 Conponent C - Continuing Current

Component C sinmulates the continuing current that
flovs during the lightning flash.and transfers vost
of the electrical charge. This component nuust trans-
for a charge of 200 coulenbs (+207) 1in a time of he-
twesn 0,25 and 1 second. This implies current anpli-
tudcs of betveen 200 and 300 amperes, The vaveform
ghould be unidirectional, e.g. rectangular, exponen-
tial or linearly cecaying.

1.2.2.4 Conponent . - Nestrike Current

Couponent ) simulates a subsequent high peak
current., It is characterized by a peak .-mplitudc.sof
190 kA _(+107) and an action intepral of 2.25 x 10
anpere~sscond (+202) .

At
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3.2.2.5 Curront liaveform E - Fagt lata of Rise
Stroks Test for Full-Size ilardware

Current wavefors £ simulates a full-scale fast
rate of rise strolks for testing vehicle hardware
which at full scale would be 200 kA at 100 ki/ps.

The peak amplitude of the derivative of this waveforn
muat be at least 25 1\ per nicrosecond for at least
0.5 nicrosecond, as showm in Tigure 3=3., {urrent
vavefom T has a ninimun anplitude of 50 iki. An amp-
1tewle of SO ki is used to enable testing of typical
aircraft couponents with comventional laboratory liphte
ning curront generators. ~he actioun integral, fall
tine, and the rate of fall are not specified. If de-
sired and feanible, components A or D may be a;pli.d
with A 25 k\ per nicroseccond rate of risa for at least
0.5 microsecond and tie direct and indirect effects
evaluation conducted simultaneously.

3.3 'laveforn Descriptions for Lnpineering Tasts
3.3.1 CTurpese

Lishtning voltage and current waveforns describ-
ol in the following paragraphs have been developed
for enminaeering design and analysis.

"ho tests in which these waveforns are applied
are sraesented in Table 2. The objectivas of each test,
along rith setup, measurement and data requirements
are described in Section 4.0,

3.3.2 Yoltape "‘aveforns

mring tests on nodel vehicles to deternina pos-
sible attachiment points the length of fap used be-
tueen tic qlectrode sinulating the approaching leader
and the vehicle Jdepends upon the nodel scale factor.
huring such tests it is Jdeuirable to allow the stream-
ers fron the model sufficient time to develop.
Accordingly, for model tests it is necassary to stand-
ardize the time at vhich brankdown occurs, even though
the rate of rise of voltage is .iifferaent for diffarenc
tuestR.

It has boen :lutermined in laboratory testing that
the results of attaclinent point testing are influenced
by the voltape waveform., TFast rising waveforms (on
the order of a few uicroseconds) produce a relatively
few nunlber of attach points, usually to the apparent
14gh field restions on the model and all such attach
poines are classified as Zume 1, TFast rising vave-
forms have been usaed for practically all airceaft

model attach points tests in the U.5. Slow front wave-
forna (on the order of hundreds of nicroseconds) pro-
duce a greater spread of actach points, possibly in-
cluding attachments to low £isld ragions. Therefore
the test data nust be analyzed Ly appropriate statis-
tical methods in defining Zone 1 regions.

Two high voltage waveforns are described in the
following paragraphs and shown on Figure =4, The
tirst is a fast wvaveforn vhich is to be used for vhat
will be termed "fast front model tests.” Thc second
waveforn is a slow trising waveforn which will bhe em-
ployed for "slow front model tests.”

SON. tumel Tests

a o o sr.e I .- R 4
.2.200 Voittupe meiefuen o - Fase F

748 is a chopped voltage waveforn in which flash-
over of the gap betwsen the rmodel under test and the
tost electrodes occurs at 2 nicrosaconds (+507).

The applitude of the voltage at time of flashover
and the rate of rise of voltage prior to braskdown
are not- specified, The waveforn is shown on Fipure
1.4,

3.3.2.2 Voltage laveform D - Slow Front ‘odel Tests

The slow fronted waveform has a rise time between
50 and' 250 nicroseconds so as to allow timu for strean-
ers from the uodel to develop. It should give a higher
strike rate to the low probability resions than other=
wise night have been expected.

3.3.3 Cfurrent “aveforms

Current waveform corponents ™ and G, shown on
Figure 3-5, are intended to determine indirect effects
on very large hardware and full size vehicles. “hose
waveforns are spocified at reduced amplitudes to over-
core inherent full vehicle test circuit linications
and also to allow testing at non-destructive levels to
be nade on operational vehicles at non-destructive
lavols. Scaling will depend on the nature of the coup-
linr process as detziled in the following paragraphs.

3,3.3.1 Test laveform F - Reduced Anplitude
I'niJirectional l.veformn

Component T simulates, at a low current level,
botl the rise tine and Jdecay time of cthe return strole
current peal: of the lightning flash. It has a risc
tine of 2 nmicrosuconds (+207), a decay tine to half
anptitude of 50 nicroseconds (#207) and a uinimum
anplitude of 250 umperes. Iudirect effects measure-
ments nade with this component must Le axtrapolated
to the full lightning current amplitude of 200 I\,

NN AT T A TN T




3.3.3.2 Tesc Waveforms G, and G, - Demped Oscillacory
lmseﬂl

Past rate of rise current waveforas and higher
amplitude vaveforms nmay often be usefully employed for
indirect effects tasting. For indirect effects de-
pendent upon resistive or diffusion flux effacts (i.s,
not aperturs coupling) a low fraquency oscillatory
current - wavefora G,, in vhich the period (1/f) is
long conpared with the diffusion time, should be used.
This voquires a frequency, f, of 2.5 kilohertz or
lower (i.e. the duration of esch half-cycle is equal
to or greater than 200 ;ia), ‘here resistive or diff-
usion effects are measured, the scaling should be in
terms nf the peak current, with full scals befirs 200 kA,

For indirect effects dependent upon aperturas
eoupling the high frequency current, wavefornm
shonld be used. The maximm frequency of wmvefdtm G
should be no higher than approximately 300 Ihz or 1/io
of the lowvest natural resonant frequency of the air-
eraft/return circuit, vhichever is lower, lMhare aper-
ture-coupled effacts are neasured the scaling should
be in tarms of rate-of-rise (di/dt), with full scale
baing 100 kaA/us.

tthen testing composite structures with wnveforn
f,, resistive and diffusion flux induced voltages may
occur as vell as aperturae coupled voltages, and re-
sults should he scaled both to 200 kA and to 100 ki/ps.

'




Current (Mot to Scale)

Voltage (Not to Scale)

Flashover

CURRESIT COMPOREIT A
(Initial Stroke)

YOLTAGE
WAVEFORM
]

50.. of crest anmplitude

1.2 ps % 202

50 ps + 20%

Time (Yot to Scale)
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Table 1
o Applicacion of Uaveforms for Qualificacion Tests
' Voltage Test Technique
Test Zone Waveforns Current Waveforms/Components Pars. No.
A B D A B Cc D E
Tull gize hardware
attachment point ms x x 4.1.1
effects -
2::::0:»1“ 1A X X 4,1.2, 4.1.2.2.1
" 18 X X X X 4.1.2, 4.1,2.2.2
" 2 X X X 4.1.2, 4,1.2.2.7%
" 28 X x X 4.1.2, 4.1.2.2.4
" 3. X X 4,1.2, 4,1,2.2.5
Direce effects - ’
combustible vapor Seme current components as for structural tests 4,1.3
ignition
Direct effects ~
streamers X h.1.6
Indirect effects -
axternal electrical 23
hardware X 4,1,5 -
ate [,  Vae avernne current of 2 kA + INT for a4 dwell tine loas than
5 millisccomnis meagured in Tesc 4.2.2 up to a maxtmm of S
m{llineccomis
Note 2. Mse averape currenr of A0 anmp for dwell time in entcerss of
Anee as decermined by onrineering tests.
— — _sote Y, Indirect effects shouwd alse he moasured with enrrent conponents
A, B, €, D ag appropriate to the test zone
Note 4. The appropriate fraction of component "C"
expected for the locacion and surface finish.
- Tahle 2
Application of Waveforms for Engineering Tests
Voltage Test Technique
Test Zone Waveforms Current Waveforma/Components Para. Vo.
c c E Tr G G
Model aircraft
lightning attachment
point test
Past fromt X 4.2.1
Slow fromt k4 4,2.1
Pull size hardwere
attachment test A X X 4.2,2
Indirect effects -~
complate Xor X + X 4,2.3




4.0 TEST TECIRIIQUES

The simulated lightning waveforns and cormponants
to he used for qualification tasting ars presented in
Tabla 1. This table gives the current components that
will flow through an aircraft structure or specinmen in
each sone. In some cases, however, not all of the
current components specified in the table will comtri-
bute significantly to the failure mechanism, There=
fors, in principle, the non-contributing component(s)
can be onitted from the test. If components are to
be omitted from s test for this resson, the proposed
tast plan should be agreed upon with the cognizant
raepulatory authority,

Table 2 presents waveforms suggested for engin-
esTing tests. Tha objective of aach qualification or
angincering tast, satup and measurereant details and
daca requirenants are described in the following para-

erphl.
4.1 Nualification Tosts

4.1.1 Tull Size !landware Attachment Point Tosts -
~ons 1

4.1.1.1 MWiective

This attachmeat point tast will be comductad on
full size structures that include dislectric surfaces
to deternine the detailed attaciment points on ths ex-
tarnal surface, and if the surface is nommetallic, the
path caken by the lightning are in reaching a netallic
structure.

4,1.1.2 Vaveforma

Tant voltage waveform A should be applied between
the eslectrode and the srounded test object. In the case

of test objects having particularly vulnarable or flight-

eritical comgonents it may be advisable to repest the
tests usink waveform D as a confirmatory test.

4.1.1.3 Test Setup

The test object should be 3 full-scale produc—
tion line hardware corponent or a reprasentative pro-
totype, sinca ninor changes from design ssmples.or
prototypes nuay change the lightning test results,

All conducting objects vithin or mm nommetallic lard-
wnrn that are nornally comnectel to the veliicle vhen
ingtalled in the aircraft should be electrically con=
oected to ground (the return side of the lightning
generator). Surrounding external metallic vehicle
structure should be simulacted and attached to the
test objact to naka the entire test object look as
meh liks the actuanl vehicls regiom umier test as
possiblae.

The test electrode to which cest voltage is ap~
plied should be positioned w0 thac its tip i{s 1 netar
smy from the nearest surface of tha test object,
Ninensions of the test electrode are not critical.
Cenerally, nodel tests or fisld experience will Lave
indicated that lightning flashee cam approach the ob=
ject under tast from several different directions, 1If
8n, the tests should be repeated with the high voltage
eleccrode orientad to creace strokes to the cbject from
these different directions.

If the test object is so emall that a l-meter
gap permits etrokss to miss the test object, or if a
l-nster gap is inappropriata for other reasons,

shortar or longer gaps may be used, :fultiple flash-
overs should be applied from each slectrode position.
Testy nay be commenced wit!i either positive or nega-
tive polarity. If test eloctrode positions are found
from vhich the simulated lighening flaslhovers do not
contact the test piece, or do not puncture it Lf it
is nomnetallic, the tascs from these sane alectrode
positions should bea repaatod using the upposite
polarity,

4.1.1.4 llsayurements and 'meta Ruquirenants

leasurements that should be caken durtng these
tastz include the following:

litude 'Iavcfom. The
voltage app ud to the cap should he measured. Moto-
sTaplis of tha voltage waveforn sliould “e talen to an-
tablish that vavaform A is in fact heing applied,
Vnltaza weasurawmts should ha rale of ecach tent vole-
age vaveforn applisd since Lrealdown pachs, and hence
the tast voltage, ray change. Particurlar attention
should be given to assuring thatc the cap flashas over
on the wavefront. If a flashover occurs on the wave
tail, cthe tast should be rrpeated with tha generator
set to provida a iiigher voltage or tha tast electroda
positionod closer to the tast object so as to produce
flashover on the vavefromt.

he Attachment Pointcs and[or Jrealclown Paths
Ths voltage gensrators used for thase tests are high

inpedance Jdevicas. The test current nay Le much lass
than aagursl lightning currents. Cousequantly, they
will produce twmich less danage to the test object than
a8 nutural lightning flash, even though the breakdowm
vill follow the path a full-geale lighening atroke
current would follow. Occasionally a (diligent search
will be required to find the actaclment point on net-
als oc tha brsakidown path through nonmetallic surfaces.
Theso attachment points or breakdown paths should be
lookal for after each test and marked, vhen found,
with nasking tape or crayon rarkings to provent con=
fusion vith further test results. .

4.1.2 Direct "ffacts - Suructural

4.1,2.1 Objective

“hesa tests doternine the direct affects which
lirhening currencs iay produce in aseructures.

4.1,2.2 tUaveforns

Simulated lightning current weveform components
should be applied, dependin: on the vehicle zone of
the test object, as follows:

‘-1.202.1 M

‘iaveform components A and B should be applied.
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4.1.2.2.2 .22_1_’

.Waveform components A\, B, C, and D ghould be
applied in chat order, but not necessarily as one
continuous discharge.

‘.1.2.2.: M

Although Zone 2A is a swept stroke zome, static
tasts can be conducted once the attachment points and
dvail times have been deternined. Current components
D, B, saad C ghould be applied in that order as appro-
priate to the following discussion. :

High pesk current restrikes typically produce
ro~attachrant of the arc at a new poinc. Therefore,
current component D {s gpplied first. The dwell time
for componamts B axd € in Zoma 2A may be determined
from swapt stroks tests as described in Paragraph 4.2.2
or, alternatively, a worst case dwell time of 350 milll-
seconds aay he assumed vithout conducting swept stroka
zosts. The tining mechsnism of the generator produc~
ing comnonant B should be set to allow curremt to flow
into tha test object (at any singlae point) for tha
anximm duall tine at that point ae detarmined from
the dwell point tests. If the neasured dwell tima is
creater than 5 milliseconds or if s 50 millisecond
duell time has Lesn assunad, the component B current
should be reducad to AN0 amperes (component C) for
the dwall time in excess of S milligeconds. If the
massured dwell time {s less than 5 nilliseconds, com-
ponent B should be applied for the length of time
nossured, Jown to a minimum of 1 millisecdnd.

4.1.2.2.4 Zone 28

Current components B, C and D should he applied
in that order.

4.1.2.2.5 Zona )

Current components A and C should be applied in
that order to test objects in Zona 3. Tha test cur~
renta should be conducted i{nto and out of the tast ob=
ject {n 2 manner similar to the way' lightaing currents
would be conductod through the aircrafe.

4.1.2.3 Tesg Setup
4.1.2.3.1 Test ilectrode and Gap

The tast curronts are delivered from a tast elec~
trode positioned sdincent to the tasc object. The test
ohject is comnected to the return side of the genar-
ator(s) so that test current can flow chrough tha ob-
dect in a realistic mammar.

[of 3 Thete may he intersctions betweem the arc

current carrying conductors. Care must he taksn
to assure that these intersctions do not imfluenca tha
tast vesults.

The electrode naterial should he a yood electri-
cal condustor with ability to resist the eroeion pro~
duced by the test currents involved. Yellow brass,
steal, tungetem and carbon sre suitabla electrode ne-
terials. The shape of the alestrode is usually a
roumled rod firmly affixed to the comerator output
terninal and spaced at o fixed distance abowve the sur~
fase of cthe test object.
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The polarity of components A and D can ba either
positive or negativa, The polarity of the genarators
used to produce components B and C should be set so
that the electrode is negative with respect to the
tast object, hecause greater damage is generally pro-
duced vhen the test object is at positive polarity
vith respect to the test electrode.

4.1.2,4 llsagurements and Da:ﬁ Jsquirenents

lsssurements for thass tasts {nclude taest current
anplitude(s) and wvaveform(s). Tnitial stroke, rescrike
and intermediate currant components may bs mensurad
with noninductive rasistiva shunts, current transform=
ers, or Nogowski coils. Continuing currents ray he
neasured vith resistive shuncs. The oucput of each of
these daevices should be meagurad and racorded,

JOTE: Indirect effects nmessurements are fre-
qu.nd,v required for uxtarnal electrical hardware,
an upecifiod in Paragraph 4.1.6. 1If Jasired, soma of
thesa neasurements can be made during the direct
effects tests,

Since the condition of the tast object or other
parts of tha test circuit nay affect the test cur-
rent(s) applied, measurcments of these parameters
silould ba nade during each test applied, and the dJe~
tails of the test satup rocorded for each test.

4.1.3 Direct Cffects -~ Combustible Yapor Ignition Via
€ or ent Puncture, llot Spots or Arein

4.1.3.1 bisceive

The objective of these tests is to ascertain the
possibility of combustible vapor ignition as a result
of nkin or component puncturs, llot ipot. formation, or
ageing in or near fual systems or other regions wvhere
combustible vapors nay axist. '

CAITION: These tests similate the possible direct of-
acts which nay couse ignition. Ignition of combust~
ible vapors may also be caused Ly lightning Lidirect
effects such as induced voltages in fuel probe wiring,
etc.

If a blunt alectrode is use’ with a very small
gap, the 3as pressure aml shock tmve effects in the
confinel sroa ray cause nure physical damage than
would oghervise he producud, The alectrodu ahould
be roundad to allow relief of the pressure formed bLy
the Jdischarge.

Por multipla conpoent tests, thae test clectroda
slwuld be placed au Zar fron the tast object surf.ce
ss the dziving voltage of the intarmediats componant
B ur continuing current conmponent C will allow. .\ gap
spacing of at least 50 tm is Jdesirable but a lesser
gap of at least 10 mn is required vhich will resule
in nove conservative dats. ‘When componants 3 or C are
preceded by the high peak current component A\, the high
deiving voltage of this genarator initiates the arc and
subsequent curponsats 3 und/or © follow the established
arc even though Jriven by & nuch lowar voltage.

A~15

S

.}-~..‘..‘-. ‘\‘.‘ R :

N A

S \;_'--. \;,\}'p‘ )

',n




+1.3.2 Heveformg

The same test currant waveforms should de ap~
1iad as are specified for structural danage tests
n Paragrsph 4.1.2.2.

+1.3.3 Tesc Setup

Tast satup requirements are the sane as those
escribed in Paragraph 4.1.2.3 for structural damage
asts, vith the following additiomal cousiderations:

If a conplets fuel tank is oot available or im~
ractical for test, a ssmple of the tank skin or other
necinen reprasentacive of the actusl seructural con=
'{guration (including joints, fasteners and subetruc-
ures, attaclment hardware, as well as intsrnal fual
ank fixturcs) should be inscslled om a light-tight
peuning or chsmber. Motography is the preferred
achnique for dectecting sparking. If photography can
@ amployed, the chamber should be fitted with an
rray of mirrors to nake any sparis visible to the
amora, Tlowever, for regions vhere possible opark-
ng activity cammot be nade visible to the camera,
goition tests rmay be usad by placing an ignitable
nel=air mixcure inside the tank. 7his can be s aix-
wre of propane aml air (e.g., for propanes a 1,2
toicLiometric nixturs) or vaporized samples of the
pproprince fual nixed with air., “erification of the
ombugtibility of che mixturs should be cbtained by
guitiou with a spark ov corons ignition mom-
roducad into the test chanber immediac ter each
ightning test in which no ignitiom oemrul. ¢4
he combustibla mixture was not ignitabls by chis
reif icial source, the lightning test must be consid-
racl invalid and repested with a new nixture watil
ither the lightning tesc or artificisl ignition
nutce ignites the fual,

+1.3.4 lesgurenents and Dacs Mogquirsnents

Tha samu test current neagurenents should be
me as are specifiad for structural damage tuu in
wragraph 4.1.2.4.

The prasence of an ignition source-should be de~

seninml Ly photography of possible sparking., For

ils purposa 3 canera is placed in the test chamber
xl tha shutter left open during cthe test. ii:pariance
wicacas that ASA 1IN0 speed film axposod at 4.7 in
wiofaccory, ALl light tn tha chabar {ntarinr rust
v excliwingd, Any lisht indications on the film due

» intarnal aparking afcer test should Le taksn as sn

uication of sparking sufficisnt to ignite a combust-
1la nixcure.

s This nethod of determining the poesibility
sperking should be utilised only if certainty ex~
ks that sll locations vhere sparking might exist
'e vigidle to the camers.

‘ore spesialised instrunemtation may be added if
ditionsl informatiom such as skin surfsce tempers~
wes, pressute rises, or flsme frout mom:m vel-
1dties ate desired.
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4,1.4.1 Obiective

Electrical streamers initisted by a high voltage
f4sld represent s possible ignition sourca for combust-
ible vapors. Tha objective of this test is to deter—
mine if such streamers nsy be produced in regions
vhers such vapors exist.

4.1.4,2 Haveforns

Test voltage vaveforu B should be applied for
this test. Tha crest voltage should be sufficient to
produce stresmering, but not sufficieat to cause flash-
over in the high=voltage gap. Cenerally, this will
enquire that the average clectric fiold gradient
bugween the clectrodes he at least 5 kv/em.

4.1.4.3 Test Setup

The test object should be mounted in a fixture
representative of ths surrounding region of the air~
frane and be subjected to tha high-voltage waveforn.
The voltage ney be appliad either by (1) grounding
the test object and arranging the high-wvoltags testc
alectrode sufficisntly close to the test object to
creste the required fisld at the tast voltage level
applisd or (2) commecting the test object to the high=-
voltags output of the generator and arranging the tast
objnthm:yuammﬂmnocm;tmd

trode that is commectad to the ground or low side
of the generacor, In either case the lov voltage side
of tha genarator should be grounded., Cither arrange-
aent can provide the necsssary electric field at the
tast object aperturs. The test object should be at
positive polarity with respect to ground, since this
polarity ususlly provides ths most profuss stresmering.

4.1.4.4 Meagsyrenents and Daca Requirements

llsasurements should include test voltage wave-
forn and amplitude, and degree and location of stresm—
ering. The presencs of stresnering at locations vhers
combustible vapors are lmown to exist is comnsidered an
ignition source. The presence of streamering can best
be determined with photography of the taest object while
in a darkened ares. If the presenca of streaamers is
questionable, the test should be run with a combustible
mixture actually present in the tast object to determinas
if ignition occurs, but care should be taken to ensure
that the test arrangenent simulates relevent operational
(1.0., in=flight) characteriscics.

4.1.3 Direct Dffects - xternal Elsctrical lardware

4.1.5.1 Objective

The objeet of this test is to detsrmine the
anount of physical demsge which ray be experienced
by extarnally mounted electrical compovents, such as
pitot tubes, sntamnas, navigation u.uhu. ete. vhen
direectly struck by lightning.
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4.1.5.2 WHaveforms, Test Setup, and Msasurements
snd Daca Requirements

Sane as for structures tast ss described in
Parsgraph 4.1.2.

4.1.6 Indirect Effects - Extarnal Electrical Hardware

4,1.6.2 ub’su"

The objective of this test is to detarmine the
magnicude of indirect effects that occur when light-
ning strikss externally mounted electrical hardware,
sugh as antennas, alectrically hested pitot tubes,or
aavigation lights. Por such hardware tha indirect
affects include conducted curremes and surge voltages,
and induced voltages. Thase curremts and voltages may
then be conducted via electrical circuits to other sy=
stens in the vehicla. Therefors, during the direct
affects tests of electrical hardware mounted within
“onee 1 or 2, neasurements should be made of the volte
age appearing at all electrical circuit terminals of
the conponent. Ia addition, a fast rate of rise test
should be conducted for evaluation of magnatically
induced affects.

4,1.6.2 ‘'laveforms

Currant componsnts A through D used for evalus=
tion of direct effects are also used for evaluation
of indirect effects, particularly those relating to
the Jiffugsion or flow of curremt through resistaocas.,
The specific waveforms to be used are the sane as
those specified in Paragraph 4.1.2. In addition, the
fast tate of change current waveform E should be ap~
plisd for evaluation of megnetically induced effects.

. Indirect effects neasured as a result of this
waveforn myst be extrapolated as follows. Induced
voltages dependent upon resistive or diffusion flux
should Le extrapolated linesrly-—cor s peak-current of
200 kA. .

Induced vou’mn dependent upon spertures coupling
should be extrapolated linearly to a pesk rate—ofe-rise
of 100 WP‘.

4,1.6.3 Zest Setup

"he test object should be rounted on a shislded
test chamber s0 that access to its alectrical comnec-
tor(s) can be obtained in an ares relatively frese from
extransous electromagnetic fields. This is necessary
to prevent electromagnetic interferencs originating
in the lightaning test circuit from interfering with
nessurenent of voltages induced in the test object
itself. The test object should be fastamed to the
tast chamber in a msmmer similer to the vay it is
mounted on the sizcraft, since normal bowding imped-
snces may contributs to the voltages induced in eir-
cuitx. If the shielded enclosure is larse enough,
the nessurenent/recording equiprent may be contained
within ic. If not, s suitable shislded instrumenc
cable ray be used to tramsfer the induced voltage sig-
oal from che shiglded enclosurs to the equipment. In
this case, tha equipment should be located eo as not
to emperisnce incerferences.

The test electrode should be positioned so as to
inject simulated lightning curreat into the test ob=-
ject at the probable attachment point(s) expected from
natural lightning, For tests run concurrently with
direct effects tests on the same test object, this
should be an arc-entry (flashover froa tast electrode
to test object); but for tests made only to determins
the indirect effects, hard-wired conmections can be
nade betwesn the gensrator output and test object.
This is appropriats especially if it is desired to
minimize physical dsmage to the test object. Tha tast
object should be grounded via the shislded snclosuras
30 that eimulated lightning current flows from the
test object to the shislded enclosure in a mannar re-
presentative of the actual installatioum,

4.1.6.4 !Massurenents and Dats Noquirenents

aasurements should include tast current ampli-
tude(s) and vaveformn(s) as specifiad for the direct
effacts tests utilizing the same waveforms in Para-
graph 4.1.2. In addition, measuranents should bLe made
of conducted axd induced voltages at the tarminals of
electrical circuits in the tast object.

esgsurement of the voltagas appesring at the al-
ectrical terminals of the test object should be made
with a suitable recording instrunent having a band=-
wiith of at laast 30 megahertz,

In some cases it is appropriate to make neasure=
nents of cha voltage between two tarminals, as waell as
of the voltage hetween either tarninal and ground.
Since the amount of induced voltage originacing in the
tast object which can enter systens such as a power hus
or an antenna coupler depends npartly on the inpedances
of thase items, these impedances should be simulated
and connected across the clectrical tarminals of the
test object vhers the induced voltage is heing measured.

The maunén. inductance and capacitance of
the load impedance should be included. A typical
tent and oeasurament circuit is shown in Fipure 4.1,

CAUTION: Interference-free oparation of the voltage
asasurenent system should he verified.
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Pigure 4-1 Fgsential elements of electrical hard-
ware indirect effects, test and measurement
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it is desired to detarmine the places on the

t wvhare lightning strikes are moet probeblas,

Ltage wmveforn C nay be utilized, If it is

, in addition, to identify other sutfaces vhers

say also oocur on rare oceasion, voltagas wave= #=180°
my be utilizsed. The lomger rise~time of wave-

llows developaent of stresmers and attachmeat

in repions of lower fiald intemsity (in addi-

thosa of high intensity at surfaces of high

prohabillity,

Test Tatup

’ts on emall-gcale models are halpful for de—
At attacheent zones. In some cases, tests on
wmat be supplanented by other nesns to detsr—
et actacimant zones or points. This is parti- = @ = latitude Aeig0*
trus of aircraft involving large amounts of # = longitude
llie structural sacterials. .

sccurate nodel of the vehicla excerior from .

1/10 full scale should be comscrusted., The Figure 4é=2 Atrcraft coordinate system,
possible vehicle configeurations should also

led. Condusting surfaces om the sircraft

be represented by comndustive surfsess on the :

md vice versa. If rotaciom of the nodel significantly changes the

gap lengthe, it may ba necressry to teposition the .
s model is then positionsd om insulators be= electrode. Typically thres to ten shots are taken
he alectrodes of a rod-rod gap or tha electrode with the aireraft in each nrisntation to simulate
round plane of a rod-plane gap. The length liphening flashes approaching fron differsnt Jdirec-
apper gap should be at leasc 1.5 times the loug- tions. Photographs, praferably vith two caneras at
msion of tha model. The directiom of spproach right sngles to esch other, should be taken of esch
less controllable at wugh higher ratioe and shot in order to determine the attachment points.
ke nay evem niss the model. The lower gap, The upper electrode should be positive with respect
s nueh as 2.3 tines tha longest dimension of to ground and/or the lower electrode.
)l and chould be at least equal to the model :
m. 4.2.2 PFull-8ize llardware Attachment Point Test -
Zone 2
wouly the alectrodes are fixed and the model
ted. The orientscions of the elestrodes with 4.2.2.1 Objestive
to the sodal should be sush as to define all
ittaciment points. Typically, the slectrodes, The neclhenisn of arc attaclment in Zone 2 regions
) to the wodel, are placed at 30° eteps in lst- is fundementally Jifferent from thet in Zone 1. The !
tousl the 0° and 90° longitudes, ss shown in basic nechanisn of actachment is shown om Figure 4-3.
2. Smsller steps in lacituds er longitude The are first attaches to point ) and then, viewing
required to Llentify all sctachment points. the tast ocbject as stationary, is swept back along the
. suxface to point 2. Whea the heel of the arc is <
ahove point 2 the voltage drop at the arc-matal inter—
faca is sufficiently high to cause flashover of the . '
air gap and pumctura of the surface finish at point
2 causing it to re-attach thers.
A~18
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w arc vill again be blown back alomg the sur-
itil the voltage along the arc channel and arce
nterface is sufficient to cause flashover and
lent to snocher point, The wvoleage at which each
achment will occur depends strongly upon the

1 finish of the object under test. The volt-
ilable to cause puncture depends upon the cur=
owing in the arec and the degree of iomization
channel, There is an inductive voltags rise
he arc as rapidly changing currents flow

1 ie. There will also be a resistive voltage
'oduced by the flov of current. The inductive
| vise as well as the resistive rise can be
dignificant when s lightning restrike occurs

1 point in the flasgh,

Moving Surface

'igure 4~3 Rasic wechanism of swept
attachmene, neroke

addition, 1f the flash is discoutinuous for
period a very high voltaga is available prior
" of the naxt curront compoment. Decause the
tAnaing hot and may contain residual ionized
an, this voltage stress is greatest along it
fequent current conponents ara likely to flow
he same chanmnel. Such a valtage cay well bLe
than voltages created by currents flowing in
miel and ooy causo re-nctachnent .to netallic
8 or puncture of noumetallic surfaces or di-
c coatings.

e timo during which as are nay remain attached

aingle point {Uwell time) is a function of the

ne flash and wurface characteristics which sove
teachment to the naxt point., The dwell time is
function of aircraft speed.

ept stroke attachment point and dwell tine

na ars thsrefore of incerest for two nain

. Firsg, if there is an intervening nonmetal-
face along the path over which the are may be
the swept stroke phenomena may daternine

the nonmetallic surface will be punctured or
the are will pasy harmlessly across it to the
tallic surfaca.

cond, the dwell time of an arc on a metallie

1s a factor in Adeternining if sufficient heat-
occur at o Jwell point to burn a hols or form
pot capable of iguiting combuscidle nixtures
ing other Jamage. Thus, ovar a fuel cank it
leularly important that the are nove fraely,

¢ chat the netal skin of the tank not be heat-
wrned €o a point that fuel vapors sre ignited.

The objectives of attachment studies in Zone 2
ara then:

For metallic curfacaes

zincl'uding conventional painted or treated sur-

facas):

To detsrnine possible attachnent points and as=
sociated dwell tines.

For nommetallic surf:ces

z:lnclndms netallic surfaces with high dielec~
tric strength coatinsrs):

To deternine if punctures may occur,

4,2,2,2 Vaveforms

4.2,2,2.1 etallic Surfaces

To deternine arc dwell times on metallic sur-
facnn, including conventional painted or treated sur-
facas, it is nocessary to sirulace the continuing
current couponent of the lightning flash. Thus the
sirulated continuing current should he in accorlance
with current component C.

The current generacor driving voltape tust he
sufficiant o maintain an arc length: that uoves freely
alonn the surface of the test object. The tasnt clec~-
trade should he far envug.. above the surface so as
nnt to influence the arc :ttachngnt to the test sur-
face. If cthe tachnique of Figure 6=1 13 used, the
electrode should be a rod -sarallal to the air stream
and approxinacely parallel to the test object,

A restrile riay be added to the continuing cur-
rent after initiation to (utermine whether a restrike
with its associatml high current amplitude mould cause
re~attachment to points other than those to which the
continuing current arc would re-attach. 1If a restrike
18 used it is nost appropriate that it be the faat
rate of change of current waveform shown as current
wavaform £ on Figure l=13,

4,2,2,2,2 llownctallic Surfaces

7o deternming vhether {t is possible for Jdiesloc=
tric puncturas or reattachiments tn occur on nonmetal-
1lie surfaces or coating naterials, including metallic
surfacns with high diclectric strength coatings, it
is aecessary to sinulace the highevoltage clharacter-
iaeics of the are. liigh voltages are caused by (1)
current restrilaes in an ionized channel, or (2) volt-
age huildup along a defonizad channal. Thase char-
acteristics are yirulaced Ly a test in vhich a re=-
strila 1{s applied along n channel previcusly estab-
lishnd by a continuing current. The restrike rust
ba {iniciated by a voltage racte of risc of 1000 kV/us
or fagter and must Jlscharge a hiph rate of rise cur-
rant atroke in accordance with current wvaveforn I,
This restrike must not be applied until the continu-
ing current has decaved to near zero (a nearly de-
lonized state) as shown in Figure 4=4,

Several tests should be anpliad with the contin-
ning curreat cduration and restrikes applied accord-
ing to different times, 7, {n order to produca worste
cnse exposures of the surface and underlying elements
to oltage strese.




The amplitude of the continuing curreat is not
eTitical and asy be lower or highser than that of cure
irent component C, 0Other aspects of this test are as
Mm h Mllllﬂl 6.3.2.3.1.

Can:imtng Carrent -
Current .

Voltage

o T

Pigure 4=4 Svept stroke waveforms for tescs
of nonmetallic surfacas.

4,2.2,3 Tant Setup

Two basic nachods have Seen uged to nirulate the
suept strol:s meclanisn., One of these involves use of
a wind strean to rove the are relative to a station
ary test surface as shown in Figure 4=3, The other
nathol involves movanent of the test surfacs relative
to a stationary arc as showm in Piguve 4«6, Other
nethods nay also ba satisfactory if they adequacaly
roprasone- the in 1ight interaction between the arc
and tha aircraft surface. Relative velocity should
incluie hut not be limited to the mininus in=flighe
velocity of the vehical, which is when the dwell tine
comlition ia nosc critical.

The tast electrode should ba far enough above the
surface 30 as not to influence the ave attagiment to
tha test surface. If the technique of Figure é=3 e
used, :h.-l.c:tod.lhw.ldbcarodpclnclum

3ir stresm and approximetaly parallel to the tust
0”1“:‘
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Electroda (Rod or Knife Edge)
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Figure 4=3 Arc moved relative to
stationary test surface.

Tine

4.2.2.4 llagsuremencs sud Dets Requirements

The most important nessuremsnts ars those giving
the attachment points, srec dwell tines, btraskdown paths
folloved, and the sepsration batween attachment points.
Thess are most easily detsrmined from high speed rotion
picture photographs of the are. !lassuremonts should
bo nade of the air flowv or tast objact velocigy and the
anplitude and waveforn of thie current passing through
the test object.

-

Scationary
Electrode

a

Surface
(Moving)

Pigure é=6 Test surface moved
relative to statlonary arc,

4.2.3 Indirece 1ffects - Cooplete Vehidcla
4.2.3.1 Oblective g

The objsctive of this test is to neasuras induced
voltares and currents in eleectrical wiring within a
complate vahicle, Completa vehicla teosts are intended
prioarily to identify circuits vhich nay be susceptiblae
to lightning induced effects.

4.2.3.2 M

Two teclniques, utilizing different vaveforms,
vay be utilized to perform this test. One {nvolves
spplicaction of a scaled dovm unidirectional waveforn
representativa of a natural lightning stroks.

The sscond taclmique involves performance of the
tast vith two or nores damped oscillatory current wave—
forns, one of which (component G,) provides the fast v
rata of rise characteristic of a natural lightning '
stroke vavafront, and the ocher (componant Gy) pro-
vides &' long duration period characteristic of natural
lightning scroka duration. Induced voltages should bhe
acasured in the aireraft circuits when exposad to both
waveforne sod the highast {nduced voltages taken as
the test resulta.

LCach tast s carried out Ly passing test cur-
rents through to the complete vehicle ari measuringe
the imluced voltaros and currants hecks are alse
nado of aircraft systems and equip-~-nt operacions
where nossibla.




4.2.3.2.1 Unjdireccional Test Wsveform
tiaveform P should be applied.

4.2.3.2.2 Qecillacory Vaveforms
HYaveforns Gy and Gz should be applied.

4.2.3.3 Tast Setup

The test curreant should ba applied between sev~
eral ropresentative pairs of sttachnent points such
au nose-to=tail or wing tip=to=wing tip, Typical tast
setups are showm in Tigure 4=7,

Actaciment pairs are normally selected an as to
Jirect curront through the parta of the vehicle vhare
circuits of intersst are locatod,

!jultiple retum coadu;:ton should he used to min-
inize test circuit inductance and proxinity affects,
Typlcnl test setups are showm n Pipure 4«7, °

4.2.3.4 lleasuremencs and Dota Joquirenanes

Tl test current amplitwie, unveform, amd re=
sultine {imluced voltages and currents in the aircrafe
alectrical and aviounics systams should be neassurad,

CAUTION: Incerforunce=free operation of the voltage
meAsuranent systen should he verified.

“nltages rneasured duzing the conplete veliicle
tasts should be @:trapolaced to full threat lavels in
- the sae anner as deseridel {n Tara. 4.1.6.2 for in=
dircct offacts nuasurenents in external elecerical
hardvare. Situations such as rreing paths or non=
linear (npedances axist which 1my result {n non=
lincar relationships betueon -induced voltagus and ap=
rlind currane. Jareful study of tha vehicle .nder
tent, hmmver, can usually iLdencify such situscions.,
“hen testing fualad vehicles, care should Le taken
to prevant sparks acroms fillsr caps, as even lov
anplitide currents can cause sparking across poor
bowds or joints, In Jdoubeful situations, fuael tanks
should ¢ renderad nonflammable hy nitrogea insrting.

A-21
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FPigure 4«7, Tvypical setups for complete vehicle tescs.




Prepared By
SAE Committee AE4-L

Committee Members:

M.P. Amason . Dong Kim

Douglas Aircraft Company USAF Flight Dynamics Laboratory
R.0. Brick H. Knoller

The Boeing Company _ Lockheed-=California Company

D.W. Clifford C.P. Mudd

McDonnell Aircraft Company U.S. Army Aviation Systems Command
G.A. DuBro S.D. Schneider

USAF Flight Dynamics Laboratory The Boeing Company

Lowell Earl . J.R. Stahmann

USAF Inspection & Safety Center PRC Systems Services Company

F.A. Fisher . : W.T. “.lk.r

General Electric Company U.S. Naval Air Test Center “
R.H. Hess

Sperry Flight Systeas

Ex Officio:

B.J.C. Burrows " AJW. Hanson
UK/AEA Culham Laboratory UK/AEA Culham Laboratory

P.F. Little
UK/AEA Culham Laboratory

J.A. Plumer, Co~chairman
Lightning Technologies, Inc.

J.D. Robb, Co-chairman
Lightning & Transients Research Institute

A=22

2P 0 B A A O, O SO o L O LR O U BT, 51, 5 0, ¥ AR o OO A WY




e S S, ey, il o 2 .ty 0 B IR W L Veat RV A St

. e——r x & 8 R B XS €S AT AT T AT AT AT

~ FILMED

¢

9-85

TIC

) . - v S AL R I Tt D DA AL A, 2 ity
PR Y ) T R R

'..f..-" *ed N * A

ot




